An investigation on the secondary 
undulations of oceanic tides ... 

Shinsai Yobo Chosakai (Japan) 



( 

I 





^.TITUTIOW Of 0CEAh40CRAPHY LIBRARY. 



University of California, San Diego 

Please Note: This item is subject to recall 

Date Due 


























I 








1 












j 

1 

















Google 



Digitized by Google 



<^ ^ ^ P # l£ S 

m m ^ ^ » 

THE 

JOURNAL 

■ 

OP TKB 

COLLEGE OF SCIENCE, 

IMPERIAL UNIVERSITY OF TOKYO, 

Vol. XXIV. 



PUBLISHED BY THE UNIVEBBITI. 
TOKYO. JAPAN. 

iQoa 

MSU1 XU. 




Digitized by Google 



AN IXVESTIGATIOX 



THE 8£C0N1)ABY VNJ>VLATI0N8 
0CEAI41C TIDES 

CAlllUKl) t)l i liV i>iE UliUJiK OF 

THE EARTHQUAKE INVESTIGATION COMMITTEE 

1903^1906. 



Digitized by Google 




« 



' Google 



Digitized by Google 




' / Google 



■d by Google 



Frontispiece H. 



Na 3. 




' Google 



PREFACE. 



The Pacific coasts of Japan have from time to time been 
invaded by destroctive eea waves, the so-called * tsmemUs'' Oar 
histoiT abounds vrith' the records of terrible catastrophes 
wrought by ' (swiainis,' wliich were frequently associat< il w ith 
jcreat eartli(|uHkoa orifjinnting in the bed of the neighl)0uriug 
ocean. The damage to life was sometimes countod by many 
thousands, villages were swept away in a moment, and some- 
times lai^ extents of coast lines wore buried under the water. 
B6f<n« inquiring into the means of mitigating the damages 
associated with the horrible inflow of the waters of the ocean, 
it lias in the first place boen necessary to discover the nature 
of excitement of these waves, and afterwards to search after 
the necessiirv appliances for alleviating the offbcts of these 
catasLroph<js. It wa^* wilh thi< ((hjcct in view thnt the S(?cond- 
ary oscillutions of the oceanic title hud to bt* studied, for 
solving the problem touching tiie mode of excitement of the 
destructive sea waves. 

One of the most destmctive sea waves of recent years was 
that of Sanriku, by which the coasts of Bikuaon, Bikucha, and 
Mntsu bordering on the Paciflc Ocean suffered serious damage. 

By examining the mareograms during the disturbances. 
Prof. Omori was led to the conclusion that the bays or inlets 
MsriUale like lluid pendulums with periods |XH;nliar to their own. 
What is the m h> of excitement and how the period could be 
calouktod rcnmiued still unknown. 
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One recognises at onco a close resemblance of these oscil- 
lations to the seiclies observed in lakes. An interview with 
Mr. E. Sarasin daring the Physical Congi'esa at Paris in 1900, 
and subsequent visit to Geneve whoro the limniraeter is con- 
stantly recording tho motion of the lake, led me to snggest to r 
the Earthquake Investigation Committee the desirability of in- 
vestigating the same subjeot in Japanese lakes, and search 
after any effect which may be associated with earthqaakes. 
The proposal was at onoe taken up and limncdogical work was 
begun in 1001, in Lakes Biwa and Hakone with Sarasin's 
liiiiiunit U r. Altiiough shght earthquakes have been eucountere<l 
during the excursions, ik^ special signs in the osciilation either 
before or after tlie shock wore experienced. 

Tho Bay of 68aka be ing of elliptic form* and eontiectod with ^ 
the sea at both extremities by narrow necks, partakes the charac- 
ter of a large lake ; the qoestion whether motion of the nature 
of the seidiofl is to be traced as secondary oscillations of tides 
was studied in 1002, by Drs. Nakamura, Honda, and Toshida 
with the assistance of two other students. In the records of 
tide gauges at several stations were found superposed on the 
principal tidal curve sniull undulations of constant periods, which 
wore approximately given by the wellknown Meriaii's formula. 
In 1903, observations were made on the coasts of Tosa, Kii 
T6t6mi, SliimOsa and Rikuchn which are open to the Paciflc } 
Ocean. From those diagrams, it was found that on open coasts 
the secondary oscillationa are inconspicnooB, but in bays and 
inlets which open into the Pacific, they are significantly indicated 
by the remarkable see-saw motions. 

In the mean time, it appeared to me that Green's investiga- 
tion concerning the motion of waves in a variable canal of 
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rectangulav section of small depth can be extended to that of 
non-rectangiilar section, aii<1 madu to mod the eases of seiches. 
With a slight modihcation, ilia investigation can be extended to 
a wave moiioii in a canal, whose lino of symmetiy is not 
neoessarily BtraighL When the mean line is oorved, the wave 
will also partictpate in its conrBe in nearly the same earvatmeb 
The amplitade of oaciUation is always affected by a factor 
(l)roadth)~^x(d6pth)~^ showing how the hdght of the wave is 
changed by the contour of the botmdary and the depth of 
water. The presence of the said factor shows that the effect 
of a narrow basin is more conspicuous tlian its shallowuess, 
inasmuch as the elevation varies as the inverse S(iuaio root of 
the breadth, while the depth affects it inversely as the fourth 
root. As a good illustration of the presence of this factor, we 
may cite the extraordinaiy elevation of the destroctive wares, 
when the inlet gradually tapers like a wedge. The profile of 
the wave is however difficult of oalonlation. On &e coasts 
bordering on the ocean, the term affecting the height is only 
the depth, so that the effect is not so ominous as in bays 
and inlets ; consequently on calm days, the secondary osoil' 
lations are not so ])ronouncod. lii fact, cases have often been 
observed in wiiieii tlie lioats far out at sea did not in the least 
encounter the swell of the waves, although these caused great 
disaster on the shore. These considerations led me to the con- 
elusion that the mode of vibration of destructive sea waves is 
of the nature of oscillations in a canal of variable depth and 
breadth. If the vibration is statkmary, and the length between 
the node and bop I, then the period is 4J ^ where Aisthe 
depth, g Uie aooetexadon due to gi-avity and a the length 
measured along the median line. Further it appeared to me 
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that stationary waves may he pro<luccd between the Kuroshiwo 
and the shore, but wlion tlie water liere is onee disturbed, we 
may expect most proimsi-iious gi-oups of waves to be propagated 
from tlic distui-banco ; these waves will be swallowed bv the 
bays and estuaries lying in their way, especially vfhea the 
periods of oscillation are in close agreement. 

Sir G. H. Barwm,* in Lis welUcnofwn lectures on Tides ** 
delivered in 1897 speaks of the tides in Venice : — 

" Eveiy visitor to Venice must, however, have seen, or may 
we say smelt, the tides, Tvliich at springs have a range of some 
four feet. The considerable range of tide at Venice appears to 
indicate tliat the Aib-iatie acts as a resonator for tlio tidal 
oscillation, in the same way that a hollow vessel tuned to a 
particular note, picks out and resonates loudly when that note 
is sounded." 

Later investigation in 1904, 100& and 1906, which were 
mostly undertaken by Drs. Honda and Torada, assisted by 
several graduates of tlie university, iu nearly all the bays 
bordering on the Pacific Ocean and the Japan sea, revealed the 
truth of the acoustical analogy first propounded by the great 
authority on the tides. 

Tvcd by this ('(nisidciation. Dr. Terada ti'cafed llic pjoblem 
of the secondary oscillations by bringing in tlie theoiy of re- 
sonators in close contact with the vibration of bays and 
estuaries. As an ontoomo of the discussion, a mouth correction 
must be added to the p(»iod calculated according to Mcrian*s 
formula, as is wellknown in the theory of organ fupes. Still 
moro interesting is the mutual infloenoe of the dumb*beU shaped 
bays, bearing close resemblance to the acoustical resonators 

• 'ililoa, i>. 1(58- 1(W, Fiwt EiUlion. 
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coramunicating through a narrow channel. Tliis is beaaiifuUy 
illuairatod in the OBcillationti of some bays, fulfilling ihe stated 
condition. 

When the voltimo of water in the bay and oonsequentiy 
the depth and the breadth change, it is necessary to add a small 

correction. This question was discnssed by I>r. Tsitani. 

Ill liiuiiolit^Mcal work, .Surasiii's limuijiu-tcr is universally 
recognised as u lnist\st)rthv and convenient insi i iiineut, and was 
used in some of our lake surveys. I n observations of secondary 
OSciUation>. tli«^ larire range of the tidal iluetuation pi-evented 
the use of the instrument. The tide gauge in its usual form is 
too cumbrous as a portable instrument, and the great damping 
through communicating tubes anniliilates waves of secondary 
oscillations of sbcnrt periods, so that they are mostly lost on the 
reocict. This defect was first modified by Dr. Nakamura by 
balancing the pressure by means of a mercmy column, and 
greatly rcdiK ing tluj luugc uf the tidal tiutjtuution without in Uie 
least int< ilV i iiig with damping, wliioii it was iiect-saiy In keep 
suitably smaJl in ortler that the secondary oscillations may not 
be lost to view. This wus further improved Ity Dr. Uonda, 
who gimtly simplified the apparatus, and changed it to a neat 
portable form. In most of the present investigations, Br. Honda's 
instroment was used. 

The records obtained either by the tide gauge or with Dr. 
Honda's instrument all present semidiurnal fluctuations, and on 
it the undulations to be investigated appear in serrated form. 
For the exact study of the i)henomenu, it is soinctiines 
neccs.^aiy to eliminate the tidal undulation. This waa. dlected 
by moans of Dr. Terndas Li»lal rectifier, by which only the 
secondary oscillaiioiis were brought to view. When the bay 
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responds to waves of difierout periods, so that they ure mingled 
together, this prooednre was tho easiest step fat analysing the 
di£^nt oomponeiits. 

Dr. Eodros, in his elegant research on the seiches in one 
of the Bavarian lakes* made nse of a model for studying the 
pniods of oscillation. The same method was fdiUowed by Drs. 
Honda, Terada, and Isitatii in a slightly different manner. The 
muduld ul bays liaviiig the eoutoiir liucs and the magnified 
depths of those already stiuluHl were placed in a water tank, 
so that the water in the model came to tho level mark, and 
waves were then excitod in tho tank. When the period of tho 
wave was in harmony with that of the model bay, the water in 
the model responded to the e&clting wave with extreme ease, and 
contuined vibvating for some time even after the subsidence of 
the ftTrnfiyig -wave. Not only was Dr. Endr5s*s e^eriment ex- 
tended in this direction, bat the oonrses of the stream lines in 
the model were closely studied b\ Dr. Honda. By an ingenious 
device of sprinkling the surface of water with fine aluminium 
powder, and ])hotograpLiiig the surface by a camera with the 
optical axis vertical, the trace of dust ijartieles was observed; 
these photographs proved distinctly that the surface of the 
water was oscillating and showed at a glance tho mode of 
response to the external source of excitement. This graphical 
representation is more practical than that deduced from mathe- 
matical calculation, which is next to impossible on account of 
the variable depth and the irrogular contour. Thus in delineating 
the oscillations proper to bays^ the study with models, when a 
hydrographical chart can be obtained, is generally sufliciiiit to 
determine the nature of oscillations and their periods. It seldom 
happened that tho periods which can not bo detected with the 
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model were ever observed. We are now in & position to infer 
from the titady of models how the bay osoillates without 
Altering into the actual i^egistration of the aeoondary oadllations. 

The contour lines of eqnal depths in different bays were 
drawn by Dr. Isitani, who also undertook the laborions task of 
integrating and determining the volume of the bay ; after snit- 
ably choosing the median line, ho also calculated the jx riods. 
They fronorally agree quite closely with tho observed values. 

Tiie problem which still remains unsolved is how the waves 
of different periods arc generated in the 9urroiindin<: oc^an and 
especially on the Pacific side. They may be due to local varia- 
tions of atmospheric pressore, earthqnakes, and snch allied 
eanses. The following hint may also not be ont of place as to 
the cause of these waves on the Pacific coast. By far the 
greater part of the deatractive sea waves, which firom time to 
time have devastated onr coast, seem to have had their origin 
on the waves originating off the eastern coasts of Japan. The 
existence of a sort of stfindiriir waves with the land on one 
side and on the other the ocean cun-ent running nearly parallel 
to tho shore is quite imaginable. Along tho east coast of 
Eikocha and the southern part of Hokkaido, tho gulf of Tosa 
and the adjacent districts, the coarse of the current is nearly 
parallel to the lino of equal depth. In such oases, the presence 
of standing waves with the land and the current as the 
boundaries is a matter beyond dispute. The current will not 
behave exactly like a solid shore, but on account of its high 
speed, it will partake tho nature of a quasi-elastic solid, making 
tiio waves i*obonnd Tt resembles a liquid jot in the ocean; it 
will oscillate witli periods peculiar to itself ; it will thereby be 
capable of transmitting vibration to the bounding waters ; it 
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will be set in forcotl vibrations by earthquakes and other causes. 
In fact, the behftvionr of tbo current roBembles a piece of india- 
rubber banfl, sovctal himdrod miles wide, siretehed nearly 
parallel to the coast on the Faciiic side. It therefore appears 
to me that the existence of Enroshiwo is extremely &vonr- 
able to the generation of exciting waves, which spread devasta- 
tion alon^;j the sea coast. 

Thus a iMiitioii ni my proposals to the Earth<iimk(' In- 
vostij;ation L'oniniitttH* has been happily brouj^ht to a close by 
the indefatij^ahlo zeul of several investigators, who not only 
piosecntcd the observations, bat improved the apparatus, deduced 
corrections to observations, compared the observed with the 
calculated periods, and solved the important question as to the 
mode of excitement of oscUlations proper to bays and estuaries. 
It feU to my lot only to guide the method and fix the places 
of observation, and it is on account of this responsibility that 
I have allowwl myself to add these words as a preface. 

I'iually I must not omit to state that my best thanks aix) 
due to B. >hino. the President of the Earthqiiake Investiga- 
tion Committee, for allotting during sevenil years a part of tho 
fund granted to the committo<! for (continuing the present research, 
and the kindly interest with which he has watched tho results. 



n. NAdAOKA. 



riiysioal ln8titnt<>, 
May 1st, 1907. 



Motnlx>r of tlie Enrthqiiake 
InveRtlgntioii Committea. 
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Seoondaiy Undnlatioiis of Ooeanio Tides. 

By 

K. Honda, liujdhihoTcmhi, T. Terada, liufahiftla, 
T. Toahida, JUgakwhi, oud B. laUani, IHgakushi, 

WUk 2 /raOupieca and 96 ;4ato. 



§1. INTRODUCTION. 

The tidnl curves obtained by self-recording tide-guiiircs are 
often accoinpaniod by peculiar zigzags or HCOOndary nndiilttiions 
of considerable amplitude. The aagaags are generally conspica- 
OQS at a station situated in a bay or an estnary. This fact 
seems to have been noticed by many earlier observers. 

Withont enterii^g into these early matters of literature, let 
ns mention later Tatnable investigations on this subject. David 
Milne* discussed the remarkable undulations of July, 1843, on 
the coasts of Great JJiitjiiii, auil aserilied tlicir diiirin to tiie 
storm then prevailing at tln' distriot. Admiral iSinythf i-eferred 
to a similar phenomenon at Mazzara, .Sicily, where it had long 
been termed Mirabia or MamMio. Sir George Airy| studied 
the phenomenon at Malta and believed that it i^ras due to 

*) n. MfliM, On » TennrkaMe meiliatioa of tta mb bbMCTud at Tirfam aowrtM of Gimt 

Iritiiii.. Tn.us. r.i.y. Sk'. Eli:i , 

t) Admital Smytli, Memoir desniptire of the tmaatcm, inbahitanU and Itjikogmiihy 
flC SkStf (LcmmIoii. 1BM)u 

P O. liijr. On tidw in VMla, FUt Ttam. Boy. Sue. Lmdoii, ICS, 1919. 
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seiches between Sicily and the African coasts. The phenomeDon 
was also observed on another coast of Italy and at the northern 
coasts of Europe.* 

in 1896, W. Bell Dawsonf commnnicated a paper to the 
Royal Society of Canada, which showed the existence of the r 
secondary uudulutionK of (•i)ii>i(l('ral)!c nmiililmlc. Professor 
BuffJ coneludfMl from the olistrvatious at itumy stations along 
tlie coasts of the Bay of t'lindy and the (iulf of St. Lawrence, 
that the secondaiy undulation had a V'<^'''f^tl peculiar to each 
station, and that it is of the nature of seiches excited by the 
low atmospheric prossnre. H. C. Bnsscll** states that at Sydney, 
the undulations are in most cases doe to atmospheric disturb- 
ances. Napier Denironff of Toronto Observatory made a 
systematic study of the subject in connection with the barometric i 
change. He attributed the phenomenon to long waves generated 
by air waves of considerable wave longtli, aecojnpanying the 
low }>!irometric pressure. Since seveml years ago I'ldfcssor 
Giovaimi Platania*t has investigated the secondary undulations 
in the Gulf of Catania. He attributed the phenomenon to the 



•) Cr. nt.j1.l)vil/, Ki<-ctclii? Mill M;irc. .rTK<liia. K< tid. \vc. Lino 1, 6, p. 2r,.33, 1«9»). 
Suite oascrrozioQi mnieogiafichr ia lUilia o spccialmcDtci aa qucUo talte ad Iticbin, Atti del 
I Ooogt. Hid, 0«QOTa, 1898. 

11. Sif^pr, >^iveaaverttn(1emng«B tua HhiaiMiittTiwJiiBii Saan vad ZIW»d, Toil. 9to 
Dtmtooli. Qtxgt- Wteo, p. HAL 

JL Brflekiker, VAm Sdiiniiilnrofleo Seen nnd Hmhb ; Vnb. Mi Dminli Gcoi^., 
Wien, p. 200, 1<?:)2. 

t) IMwson, Xo(o8 on secomUry tuidulAtioDS, Troc. Koy, Soc. Cannda, iSay. 

I) Dnff, SflidiM on tlw 'haj. et Faady, Aner. Htmrn. 8et^ 3, p. 40S-4I3, 1887. Btriodie 
tUea, Naltw, 59, mr.l 

BumU, The aonioc o( ix^riodic Waves, Mittiue 57, 1898. 

tfi Daiaoa, Saeaodaiy mMtHam <a (U»«MqM, Prae. Oub. Iiutn p. Sa IBSa 
The orit;iii • f tklnl seconi-liry nmlnlntious, If i.l, 1, p. 13-1. 

*t) I'lfttanin, Le libmziuni del mnre con parti^okro nguotdo al Golfo di CatnQia, Atti 
M V OoogNMO Oeogr. ML, KnpaO, tWt. Moor* lieeralw lolle Ubnsloid M mat. An- 
awio d«r R. IMttnto IStavUto, I, 1M7. 
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t phit-inndnl stationnry oiciUatiou of the bay* and observod that 

OBcillations of oonspicaous amplitude occur in connection with 
barometric disturbances. 

In the bays on the Pacific coasts of Japan, the phenomenon 
^ is sometimes so conspicuous that it is commonly known as 

I 

ffota. In the harbour of XugaBaki, it is called the abihii its 

amplitude of oscillation fro<iuently oxcoeds 50 or GO ems. The 
>/>ila ov abiki is fmiULiitly accuini»;miod witli calm woathoi* prc- 
ctxxliiig low baromtitric pi-u^oure, which is approaching our 
coasts. 

Pi-ofcssor F. <Jinori''' inv(.;.stigatod the secondary undulations 
of Ayukawa, Misaki and Hososhima maicograms in connection 
with the discussion of the several destructive sea waves, and 

I , found that the periods of the waves are the same as those 

observed in ordinary cases. The records of the tide-gauges 
on Indian coastsf, of the waves which accompanied tbo great 

, ci-uption.of Krakatoa, 1883, wore also found to show the same 

|X!nods as frequently occur in oKliiiaiy cases. Ho explained 
tiiis iiiterestiiig fact by t he cou.siJeiat ion tliata bay or a certain 
portion of the seti oscillates like a fluid iK'udulum -with its own 
period. Pi\)fcssor H. Xagaoka,! in his paper on Uio hydrody- 
namical investigation of tlic destructive sea waves, exprossod 
the desirability of a special inqmry conconing the phenomenon. 

I The suggestion was taken up by the Earthquake Investigation 

Committee, and the task of canying out a systematic observa- 
tion was imposed upon us. 

The observations were carriotl out during the period of l'J03 

*) Omori, PnblicntiotiH oC Enrtbqimkn Inveertigatiua Ck>mmittee 34, p. 5, 19(10. 
t) Oniori, Ttw. Tokyo. MntU.-rhys. Soc. 2, p. 455, 1906. rablicatioos of EwtU. Invefc 
Oomm. 56, p. 2:), 1U0G. 

{) NittaQK Ptoo. Tak7«i lLitb.^ji. Soo. 1, ISQ, 1803. 



Digitized by Google 



4 



S. BOKDA. T. TEBADA, T. YOBBIDA. AKD D. KTAIIL 



to 1 90() ; the number of bays and coasto observod amounts to 
fifty one in all. 

The observation consisted firstly in finding the periods of 
the tmdttlationg peooliar to each bay or coast, and secondly in 
comparing the t^iases of the tmdnlation in the different portions 
of a bay by simultaneous obserrations. 

In all cases, portable self-recording tide ^'aiigos were tised. 

The rcsoai'ch on the pluisc rchilion was carried out only 
for soveral typical bays. 



Fig.i. 




§ 2. TIDE-QAUOE8. 

The tide-gauge useil in oiu" first 
excursion, of the summer vacation 
of 1{)03 was that designed by 
Assistant Professor S. Nakamura.* 

The tide-gauge is very simple 
and portable; Fig. 1 shows dia* 
gramatically the principle of the 
apt>siratii8. A and B are cylin- 
drical vessels of ghiss ; A is con- 
nected to sea-wat<'r by a lead liibo 
K thixmgh the cock A suit- 
able quantity of mercmy is put 
in A and B, which oommunicato 
with each other by a thick 
caoutchouc tube G, By sucking 
a caoutchouc tube if, water is 
brought into the vessel A ; when 
the vessel and the lead tube aio 



* H. NnkamTua, rigo. t&kjd Mntk-Miji. Bm^ 1, p. m, mO. 
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Fig. 2. 



completely filled witli water, the cock is closed. As tho 
level of the sea changes, tlie uiercury in the vessel B moves up 
or down ; if it is so arranged that the up and down motbns 
of tiie merouiy are recorded on a vertioal ^linder rotatmg with 
a definite rate about its verfcLcal axis, then the tide is traced on 
the cylinder on a reduced scale. The cylinder (20 cm. high and 
9.4 cm. in diameter) usually rotates once per day ; it can also 
be made to rotate once in two hom's. The cock It, seiTes for 
damping the rapid up and down niotious ol mercuiy due to the 
surface waves. 

The recording arrangement of the tide-gauge was^, in our 
case, modiiiod in the following wny ( Fig. 2). The tloat madi' 

of a hollow ebonite bos loosely fitted 
the vessel and on the box, a thin 
alumuunm itHl was vertically ei'ected. 
A pen*holder p, which earned two aims 
perjx-'ndicular to the pen, wis horissou' 
tally tixt'd to the rod. At each end of 
these arms, a friction wln t l was li.xcd, 
wliicli roLletl between the X'-sliaped 
gi-oovos of two vertical guides gn. 

In this way, the pen was constrain- 
ed to move in a vertical Une ; though 
the pen was slightly pressed agamst 
the recording i^lindor ^ by a weak 
spring, its friction was i|uite iiisonsiblei 
The photograi)hs of the whole npparatus and the recording pen 
arc given in the fiontispiece, I'lioti). No. 1 and _. 

If and //, be the height*i of th(; hnels vi s( a water 

and of mercury in A and B measured iiom the bottom of the 
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8^, Si and bo tlu! cross sections of A and R respoctivoly, 
then ( lie pressure P uf the water ou the surface uf mercury iu 
A in givGu by 

when n is th<; ahnospljcric prc'ssiu'c iind p the deutiity of imt'cury. 
AVe liave also the ctiuation of coutiuuity, 

takinj; thu difibroutiai of the iir^t oquatiou, wo havo 

eliminating dli^t we gat 

dlh I 

Tliiu roduction-factor was neatly iV in our tido-gaiigo. The pro- 
sent apparatus worked veiy safdsfiaujtorily, wh«i it was possible 
to set tbe instrameot near the shore and the height of the 
mercory in ^ or B abovo sea levd did not exceed 1 or 2 meters. 
The practical difficulty, however, met with iu our excursion 
was that it was often necessary to set up the apparatus at 
high stations, wIkio the snckiiig was diflficnlt and the air dis- 
solved in watei' frequently gathered in the vessel .1. and caused 
au unusual ri«H.' of the pen. To avoid these inconveniences, » 
another arrangement has hwn used since the winter excursion 
of 1903. It is in &ict a modification of Bichafd's tido-gaugo ; 
in our easo, his i-eoording arrangement was replaced by ours, 
and the caoutchouo bag in his diving jar was dispensed with. 
Our diving jar is shown in Fig. 3. ii is a elosed cylindrical 
vessel made of brass, 12 cm. high and 12 cm. in diameter; it 
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is screwed into a heavy lead disk D. By the tube a, water 
enters the vessel and compresses the enclosed air. Tlie vessel 

A oommmdcatee with the recording 
apparatus by moans of a brass tube 
b and a long copper tubin«j: / (in- 
ternal diaTnetor=r2 mm.) ; tho hrasB 
tiibo is bont nnmd as shown in 
the iilH)V(> tij^Miie for convenienct* of 
transixn'tntion. Tlio rcKiordiiig nv- 
rangoment is almost tlio snmo as the 
proceeding. In J^'ig. 4, B and C are 



Fig. 3. 



two glass vessels oommnnicating 
with each other by a thick caont' 
dioue tube, and partially fllled 
^th mercury. The copper tnb^ 

ing / from the diving jar is con- 
nocte<l to tht» glass voshcI B. p 
is the pen, </</ the giii(hng pillars 
for vortical motion of the pen, 
and E the recording cyilndor. If 
the jar is placed on sea bottom, 
the pressure of the enclosed air 
is balanced by the pressure dne 
to the diflferenoe of the heights 
of two morcnry colimms. The 
change of pressnre cause<l by the 
change of sea level above the 
diving jar, forces the motion of 
the mercury column in the vessel 
C ; this motion is recorded by the 



Fig. 4. 



m 
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Fig. 



iv 



poa on the vortical oylinder revolviiif.^ uniformly. The whole 
appaTatoSy which is constructed in a form specially adapted for 
traiuiporting and aotting, is ffiven in tlie photograph No. 3 ami 
4 of tho frontifipiocc. 

The relation between the change of water level above tho 
jar and tho nercurv meniseuB in the tube can ho found in the 
folkming way: — 

T.er //. /*, (Fig. ').) 
be the levels of sea 
water above and inside 
the jar respectively; 
h» be the levels of 
mcvenry in the tobes 
B and 0. Let 6 be 
the common height of 
the mercury in the two 
tubes, when the jar is 
not iininersod in water. If t and P be tlie pressure of atiuosphero 
and tiie prossuro within the jar rospectivoly, we have 

where p is tho the density of mercury. 

If «i, a 1)0 the cross section and tho height of the jar, and 
*t< 9s the cross section of the tabes B and C respectively, we 
luive» by assuming Boyle's law, 

where r i;? tlu> volume of tlie copper tube plus that of tho 
part of tlie tiibu ]i lying al>ove tlie Jevel b. 

Tlio difiercutials ol tiio abovo two oqoations are 



M^'. iJ. 
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HP = dh-cUii = p{d/>i-dlit) 



we have also the equation of oontmoity 



laimiiiatiiig <2ft|, dP from fihese equatioDS, we get 



Since the first three terms in the denominator of tlie ahovo 
expression are very small compared with the fourth, wo have, 
negleotmg these small terms, 



Hence the motion of the meronry menisons in the tube 0 is 
practicaUy prqportioiial to the change of sea level. We may 
also mfer from the exact' ^cprefision of d^dft that the vdome 
of the copper tnbing need not bo small compared with that of 

the jar. Even, if the volume of the tuhiu^ is equal to that of 
the jar and tho chaugo of sea level exceeds 3 ni., tho aetnal 
value oi" dlijdh in tho present apparatus does not ditler from 
the value ;^ivon in the last equation by moic than 0.2^. 

The effect of temperature may be caloulated in a similar 
way. For this purpose, the prodnot of the volume and the 
pressure in Boyle's law is put equal to ST^ where T is the 
absolute temperature, and B a constant. Here h is considered 
to be constant ; we have then the equations 



dh 





1 
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Eliminatiiig (2^, dht» dPt we bavo approximately 



dT 



It wo neglect v in comparison with the volume of the jar, R 

is equal to Psfi!T\ henco 

Inourcase^ a=12 cm., /> =13.6 and 1+-^=:1.26; henoe at lO^C, 

^ =a0026cm. 
I ft J. 

When the temperature cfaanges, the vapottr tension also 
changes ; bat the change of vapour tension per degree rise of 

tempcratore in the ratige of ordinary tcniperatore is about 1/3 

the change of pressure (Uie to the thermal expansion of air. 
Hence as the combined cflect of those two, we may take 

-0.0033 cm. 

We have also expenmentallf determined this ratio by- 
heating the water in which the jar was immersed, and ftnmd 0.004 
cm., wbich agrees fairly well with the above value. The greater 

part of the enclosed air, which is in the diving jur, is subject 
to tlie daily chan«:o of temperature by a few degrees of tlie sea 
bottom. It is iiliio un easy iniitt< r to protwi the remnining 
part of the air, from a considerable change of temperature. 
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liraoe the error adslng from the change of temperatnre is 
usoaUy to be n^lected. 

To estimate the ef^ of the barometric changet both k 

aud T are to be considered as constant ; we liave then 

dP = dif-dh = dir+pdht(l+!iy 
Eliminatiiig dhi, dh„ dp and noglecting small quantities, we get 



dht a — h, 




which is, in our case, jn'Mi-ly oquul to —0.04 mm. fur the change 
of pressure by 1 cm. of nicrcmy. Hence tlie barometric change 
of 10 cm. in mercury only causes the displacement of the pen 
not amoonting to ^ mm. Thus in actual case, the error due 
to the barometric change is quite insensible. 

'Thus the present tide-giiuge may safely be used -without 
incurring any sensible error duo to the changes o£ temperoture 
and pressure. 

§3. GENERAL RESULTS. 

In the excursion of the summer vacation of 1903, we were 

assi.stc<l by Messrs Y. luouye, N. Watanabo and T. Hirata, 
then students of physics and now «rraduates. Stations were 
Niiyama and Ayukawa in nikuzcn; Inuboye in Sliiiiiosa ; 0- 
maezaki and Maisaka in Totomi ; 8kionomisaki in Ivii ; Tel, 
SuBiikl and Totsu in Tosa. Of these stations, Ayukawa and 
Sasaki are bays, and others are open coasts. 
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In the excursion of the aummer vaoation of 1904, Mr. S, 
Iwamotot a graduate of physicB» vaa our eooperator; stations 
were the bays of KyOishi aad Kamaishi in Bikocfaia, the bays 
of Kojirohama, Yoshihama, Okirai, Kyori and 6fnnato in Biknzen, 

coasts (if Niijiata. Kashiwazaki, Naoetsu, Fiisliiki and Tsunijza * 
oil the Japau Sea eoaHts. Besides, Shizunra in Surnfja, Kanie- 
zaki and Kamagori in Mikawa were choseu as our stations, 
Sasaki in Tosa was again observed in tliis summer. 

In the winter vaeation of the vear, tlie excursion was nn- 
dertaken on the coast of Kiushiu. Observed bays were Hbso- 
shima and Abnratsu in Hiogat Eagoshiroa* Nagasaki and Shi- 
monosekL The bay of Hiroshima in the inland sea of Seto 
was also observed. 

In the spring of 1905, observations were made at Atami » 
on the wostern side of the liay of Suganii. The aummer vaca- 
tion nf the year was spent in the oxenrsion to Hokkaido ; the 
observed bays wore Otaru, Nemuro, Unnasaki, Hamanaka, 
Mororan and Hakodate. At Hakodate, Mr. Watanabe again 
assisted our observations. In the winter vacation, ^e bay of 
Shimoda in Im was obsored. 

In the spring vacation of 1906, the bay of Biloroiso in 
Misaki was observed. The snmmer vacation of the year was 
spent in the observation of the Strait of Nanito, which is 
fismoiis for its rapid enrrent ; Mr. T. Fnknda was our cO' 
operator. Since July, 190G the tides of the Bay of TOkyO have 
born recorded by a tide-gauge o£ our system, set up by the 
Ollice of the city. 

In discussing our results, the valuable observations by As- 
sistant Professor A. Imamura at Miyako and Odf^nchi in Hikuchiu, 
and Hiragata in Hitachi were utilized. These obs«rvatioins wofe 
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made Ify his pcoiable tide-gangc ; the duration ol obsenration 
was g^erally- a day and night 

hk addition, the records obtained by Lord KelvuL*s tide- 
gauges set ap at the following ten stations were made nse of: 
t HanasaTri in Nemnto, Ayukawa in Bikozen, Knshimoto in Kii, 

Hosoehima in Hinga, Fokahori in Hisen, Tononiu in Iwami, 
Wajima in Noto, Iwasaki in Mutsu, Kelung and Takow in 
Furmoaa. 

The topographs of tlieso Btations and thti records are given 
in the plates annexed to the present paper. 

From the tliorough study of the numerous records obtained, 
we may infer the faUowing general condosions : — 

1. On the Faciflo coasts free from any inlet in the coast 
I line, the secondary nndidation is very inconspionons, and of a 

quite irregular nature. 

8. On the Japan Sea side, the seoondaiy imduiation on 
opffli coast is couBpicuous, though not r^Iar. 

3. In a ]y,\y of considerable uroa, or a sliallow bay com- 
nuiiucat ing with tlio ocean by u narrow opening, the secondary 
undulation is in ordinaiy cases inconspicuous. 

4. In a deep bay or estuary, the breadth of which is not 
large in comparison with its length, the secondaiy undulations 
are most pronounced. 

5. In bays or on open coasts, which are not far from each 
oito, common nndniation is often observed. 

6« The secondary undulations in many bays often change 
then* periods oonthmonsly, through certain ranges. 

7. in some bays, tho periods of the undulation ai'o fairly 
constant. 

8. In many cases, the same trains of socondary undola- 
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tions appear in the same phaso with respect to the tidal wave 

on conseentivu days nf dKlinary woathop. 

0. The phases o£ the prunuucut I'lmdamcntai unUuiatiou at 
different jmrts of a bay arc equal. 

10. The periods T of the most paronooiified midulatioiifl is « i 

fiurly given by the relation 




where V is the length of the bay measured along its d^)tb, ft the 

mean depth of the bay, and g the acceleration due to gravity. 

11. Just outside a bay, thv uii<Uilatiuii, wliicli appuaiti 
inside the bay with considerable applitudo, may also be traced, 

but its amplitude is veiy small. ' 

12. In a Imy, the periods of the conspicuous undulations i ■ 
in the case of a storm, or a soa wave of distant origin, are the ' 
same as those ordinarily observable in the bay. 

It has long been believed that the secondaiy undnlatioii in 
a bay is the seiches between two opposito sides of the bay, but 
according to onr observations, the phase of the conspicuous 
undulation is usually the same throughout tlie bay, so that this 
view can iioL be geiRTully true. 

Napier Denisuu considcis tbo unduhif ion Ui Ix) long waves 
propagating from the ocean toward tiie bay. All results above 
enumerated, except the 7th, 9th, 10th and l"2th, can be ex- 
plained by his view. But the fact, that there is a {nominent 
undulation peculiar to each bay, can not be eacplained by merely 
oonsidering progressive waves. 

The undulation in a bay can, howefver, be explained in the 
fcdlowing vray. For the sake of simplicity, take a rectangular 
bay fA a constant depth. Suppose a regular series of long waves 
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propagated in the direction of the length of the bay and re- 
flected at its end. By the interference of the incident and 
reflected mmBt a stationaty wave is formed, having its loop at 
the eoA of tho bay. If the wave length be such as to farm 
t the node at the mouth of the bay, the period is the same as 

that of the fimdamoTital oscillation of a tank having double the 
length of the I) ly, and thoreforo the amplitude of oscillation 
mii?5t necessarily bo muguilied by tbp gnecoRsivf incidoneo of tlio 
long wave. The case is just analogous to tlie acoustical re- 
sonance of the air column to the Tibration of a tuning fork 
phced over its mouth. The period of the oscillation is then, 
neglectmg the mouth correction, expressed by the relation 




where i^gT is Tekxuty of the long wave. 

If the waves of difibrent periods proceed from the ocean 
toward the shore, the one whose period coincides with that of 
the oscillation having its node at the month of the bay, 'will 
excite tho most energetic oscillation of the hay water. Thus 
bays on tho coast line may be compared with a aeries of re- 
sonators, each of which takes up selectively and icsonat^^?? to 
the note of its prtipt r pcriiKl from the cliaos of very complicated 
sounds or noises from tlic cxtci ior. The plausibility of such 
an idea seems to be established in a rather unexpected degree 
by the present investigation. Moreover, the fact that the motion 
of the level of a bay in the principal nndnlation is in the same 
phase for several stations, stands in faymr of the above view. 
G. H. Darwin and Otto Krfimmol* seem to have entertained an 
analogous idea. 

•) Bnrwlii, Uw Tlte. Ch. X, i>. 16». O. Krtamsl, Jhhu OtnltenweUeB, Red» bd 
Antiltt 4 BcktanlM a. Sflnigt. Gliiirt.-Albr^DliiT. a. tM, S Ifilt^ 1897. 
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In a bay, beside the iminodal oscillaticHi above releorred to, 
the oaciliaiiona with two nodes, three nodes etc., are equally 
possible ; the periods of these oseillations are respeetiToly h i 
etc. of the period of the fondameutal oscillation. In some 
cases* the lateral osoiUation of the hay eieited by incident 
waves is also possible, the period of winch is principally deter- 
mined by the oscillating water in the bay. These modes of 
oseillfitions were actnally found to exist in some bays such as 
Ilososhima, 6fimato, and Hakodate. 

In the oscillation of the bay water just referred to, the 
period of the forcing wave which corresponds to the mftTimnm 
resonance is not sharply defined ; bat within a certain range of 
the period, the oseiUEtion remains fairly conspieaons. as we 
have often observed. 

In bays of regular shape, snch as Ofiuiato and Hososhima, 
the position of the nodal line is determinate ; but in bays of 
complicated shape, sik!]i as Shimoda and Susaki, several nodal 
linos are conceivable. \W the choice of the nodal hnes, the 
length and moan depth of the hay vary within a consideral)le 
range, so that the period of the proper oscillation changes within 
a certain range. Hence such a bay may resonate to any one 
of the incident waves with the period lying within the same 
range. In the two bays above mentioned, the period of the 
conspicuous nndolation was actaally fbond to vary within a 
moderately wide range. 

As to the cause of the long waves, which manifest them* 
selves as secondary undulations, wo may mention the wind, the 
cyclone, tlie earthquake, etc. It is a matter of fact that the 
seiches in many lakes, wliieli are the result of intcM-fercnce of 
a direct and a reilected wave of long wave-length, are often 
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excited by vind. In the same waj, the wind blowing on the 
Buifiice of the ocean, may caase waves several kilometers long. 
Long waves of a considerable amplitude are often caused by a 
deep cyclonic centre. Near a cyclonic center, the flnctoatton of 

% pressure or of wind velocity are incessantly going on, and this 

acting in an impulsive way, may cau80 waves of long periods. 
An uplieaval or depression of sea bottom due to an eai tliquake 
or to a submarine eruption, may also be a gsmmo of sea waves 
o£ considerable periods. 

§4. SPECIAL RESULTS. 

In the present section, the results regarding each special 
bay will be described. Here it will bo remarked that the nam- 
► ber of observed periotis are naturally rich at stations in which 

the observation was continue<l for a long interval, whWo Uu y are 
poor at stafi«>ns toniponiiily observed during one or two days. 
The general results, which we have summarized in the foregoing 
section, were deduced from the following results of observations. 

L COASTS OF HOKKAIDO. 

(I) Otani (Aug. 13-16, 1905). Top. 1. PL I, Fig. 1. 

Otaru is a city situated on the northern coast of Hokkaido. 
The observation was made on the middle shore of the harbonr. 
Here, as in other coasts of Japan Sea, the tidal range is very 

small, not exceeding 30 or 40 eni. ; the secondary undulation is 
conspicuous, but not very regular. On the western side of the 
harlHtur, Kelvin's ti<K'-;iaui;t' is constantly working; comparing 
the record of the instniraent with that of ours, wo may con- 
clude that the principal motion of the water in the harbour is 
in the same phase. 
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The observed periods aie tBJBr-M\ 24.8*, 30.1", 45.0"* ; 
in tbe above and in what follows, the heavily printed figures 
denote the oonspicaous undnlation. The calcalated period 
17.3* fairy coincidea with the observed period of the conspicuous 
undulation. 

rt should be remarked tbat in our observation, short waves 
of periods not exeooding a few miuutos were always eliminated 
by properly adjusting tlie tide-gauge. 

(2) Nemuro (July 28-31, 1905). Top. 2. PI. I, Fig. 2. 
Xemuro is a small bay on the eastern extremity of Hok> 

kaidO; here the tidal range is tolerably largo. The periods 
observed are 10.9", 33.7", and 38.6": while the calculated 
period is 9.0". 

(3) HanasaM (July 31-Ang. 1, 1905). Top. 3. PI I, Fig. 3. 
Hanasaki is a shallow inlet on the Pacific coast not far 

from Xemuro ; here also Kelvin's tide-gauge is constantly work- 
ing. The undulation is generally inc ui^ipieuous. but regular 
undulation of long jx^rioil may oi'teu be traced : The periods 
observed are, 0.9"", 1 i.2"'-17.7'". 19.2'"-23.2% 38.8", 44.5" and 
01.2"'-G5.0'" ; the calculated period is 10.9"*. 

(4) Hamanaka (Aug. 4->5, 1905). Top. 5. PL II, Fig. 1. 
Hamanaka is a bay situated on the south-eastern coast of 

Hokkaidd. The obsorvatian was made at Kiritapp on the west- 
em side the bay. During the observation, a low atmospheric 
pressure was apinoaching from the Pacific side of Honshiu to 
Hokkaido, and a conspicuous, but not regular uu«lulatii)ii oi' 
long pi'i ii mI upi>eaied on tlie record. Periods obser\*e<l are 20.9"", 
24.2"'. 49.6"°, 62.3"' and 84.3'", while the calculated is 48.2'". 

(5) Moi-oran (Aug. 17-22, 1906) Top. 7. PI. TT, Fig. 2-3. 
Mororan is a small bay on tho southern side of tbe Volcano 
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Bay, situated near ita mouth. The secondniy undulation is 
coQBpicaous and fairly r^golar; observed periods are 46.7", 
SLL-UJCr, and 58.8"'-<60.0* ; while the calculated is 48.9". 

(6) Hakodate (July 21-Aug. 10). Top. 8. PL n. I^. 4-5 ; 
PLIU. 

Hakodate is the best anchorage in HokkaidO, situated on 

the middle coast of the Strait of Tsugaru, which separates 
Hokkaido from Honshiu. The hay is ajiinuximatciy of a semi- 
circular sliape ; here Kelvm's litle-puige has been contiimonsly 
working during the last 20 years, and has recorded several 
important waves accompanying the sea waves originated along 
the coasts of Pacific. Our observations were chiefly made at 
the innermost parts of the bay ; i.e. near the wharf of £^odato. 
The simultaneous observations between Hakodate and Eamiiso on 
the opposite sides of the bay, or Hakodate and Ttechimachizaki, 
just inside and outside the bay itespeetively. were also carried out 

At Hakodate, the secondary undulation is very conspicuous, 
sometimes exceeding 3"^ mi. and fairly regular. The periods of 
the most conspicuous undulation rnngp from 46.5" to 57.6"'. 
^sometimes its octave 21.9"- 24.5"' is found HuperiX)sed on tho un- 
dulation of the above period. In the undulation accompanying 
the sea waves, the ootave always appears in a very marked 
degree. The longer period was found to correspond to the tm- 
damental osdliation of the bay, while its ootave corresponds to 
its lateral oscillation. 

The calculated periods for these oscillations give 46.3" and 
28.6" rcsixjctively. As we shall sec hereafter, the periods of 
oscillations corresponding to these modes, as given by our model 
of the bay. are •IT.O'" and 23.0™ roMpectivoly. 

When the simuitanoou^ obticrvatious between Hakodate and 
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Kamiiso were carric<l out, the fundamental oscillation only ap- 
peared on our records. The comparison of our records shows 
that the phase of the <racillation is the same for these two stations. 

The simultaneous observations between Hakodate and Ta- 
ehimadiizaki showed that notwithstanding the oonspicaons nn- ^ 
dnlation appearing in the bay, the undulation just outside the 
bay was almost insignifioant This is a good example lor 
iUustratitig our view regarding the secondary nndnlation, whkth 
we liuv(' propounded iu the foregoing section. Beside the 
periods above described, a longer period of about 120" is some- 
times traceable. 

The amplitude of secondary undulation is usually increased 
by a low barometric pressure appcoaching the bay. As a good 
example, we may dto a oydone on Sept 21-22, 1004, which , 
was approaching from the Pacific side ot Honsblu toward Hako* 
date. The unduktion in the bay (PL III, Fig. 1) continued 
over a whole day with a considerable amplitude, its maximum 
exceeding 40 cm. ; the periods of conspicuous undulatioii were 
47.1"'-5G.9 und its octave. 

The bay is esix^eiiilly sensitive to incident sea waves; 
waves originating on the American coasts were olten beiiutifully 
recorded by the tide-gauge in the bay. The periods of the 
Ecuador wave in the bay were 21.9" and 40.9"- 49.2"* ; whUe 
those of the Valparaiso wave were 22.1" and 48.0"- 53.0". ^ 

The periods of the great sea waves of Sanriku (H. m. 
Fig. 2) in 1800 were 18.8", 39.5", and 57.5"; those of the 
small sea waves (FI. m, Fig. 3) in 1897 were 22.1" and 45.5". 

IL JAPAir SUA CM>A8T8 07 HOHBHIIT. 

(1) Aomori (July 18-21. 11)05). Top. 9. PI. IV, Fig. 1-2. 
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The large Bay of Mutriu has the form of a dumb-bell, cciu- 
nect^d to the Strait of Tsugaru by a wide neck. The observa- 
tion was made at Aoraoi-i, when tlic centre of a deep low 
pressure was approaching the bay from Japan Sea side (Pi. 
% XCUI). On this occasion, a regular undulation of lOS"" appeared 

on the record and continued for a day and a ball Upon this* 
an undulation of the period ranging from 23.4" to 26.3* was 
snperpoeed. Besides, a period of about 300" may also be traced. 

The undulation of 103* is probably the lateral ceoillataon of 
the bay ; the period 108" calculated on this view is in fair agree- 
mont with the observed period. The undulation of the shortest 
pcritHl may be its higher hni uioiiics. The longest period is 
{Kiliaps that of the fuinlanioutal oscillation of the bay having 
, its node at the mouth ; the calculatioo gives 284" as the period 

of this mode of oscillation. 

(2) Iwasaki. Fl IV« Fig. 3-4. 

Iwasaki is situated on a northern coast of Mutsn; h^ 
Kelvins* tide-gauge is constantly working. The undulation in 
ordmaTy weather is generally conspicuous; in stormy weather 
(FL IV, Fig. 3-4), undulations of considerable amplitude are 
sometimes observed. The periods observed arc 8.3", 11.0"— 
13.5 15.8 17.3 ". 

(3) Niigata, Kuahiwazaki, and Naoetsu (Aug. 9^17, 1904). 
Pi V, Fig. 1-2. 

Tlieso stations are situated along the h<»them coast of 
Echigo. The secondary undulation in these coasts are con- 
spicuous, but much complicated by the snp^position of several 
minor components. The periods observed are : 22.6" at Niigata ; 
11.6"-12.4", 14.5"-17.2". 22.0"-26.6-, 30.0"-36.8" and 43.3" at 
Eashiwazald ; and 87.6* at Naoetsu. 
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(4) Fusbiki (Aug. 11-21, 1904). Top. 12. PI. V, Fig. 3-4. 
Fushiki is situated at the end of the Bay of Toyama ; 

Biood .1905, a tide-gauge of our system has been set np and 
the record oontinnonsly taken, under the care of the meteoixAo- 
gical station of the oity. Here the secondary nndnlation is not 
conspicnotts ; but the regular undulation of lUS'-lC^" is some- 
times observed. In addition to this, the periods 30.0", 54.1*, 
58,0"" and 1 lU'" arc to be traced. The period calculated is 52.7". 

Here we lind several icuiaikablc examples of the instances, 
lu which u sUon«f wind blowing townrd the land often heaps 
up the water on the shore to a cousiUerable height 

(5) Wajima. PI. V. Fig. 5. 

Wajima Is situated on the northern coast of Nolo ; there 
is a Kelvin*8 tide>^nge at irark. In ordinaiy weathor, undula* 
tioa of considerable amplitude often appeared on the record. 

The periods observed are 12.6''-16.4", 21.9". 28.0"-83.0", 
81.6". 

(6) Kanaiwa (Aug. 2.5-20, 1904). PI. VI, Fig. 1. 

T\;i!i;iiwa is situated on the open ei ast near jvana/.awa ; 
tlie scL'ijndarv undulation is not onlv incdnsiticuons. but also 

«■- V 1 

irregular. The periods 21.2" aiui 'id.O"' niuy liowever be traced. 

(7) Tauruga (Aug. 28-30, 1904). Top. 13. PI. VI, Fig. 2-3. 
Tsnmga is a city at the end of a long V-shaped bay, wliich 

fonns a part of the Bay of Wakasa. Usually the undula- 
tion is conspicuous, but not regular ; undolatdons of the periods 
06.7" and 63.7"-67.7" often appear vrith oonsidorable ampli* 
tudes. We can also trace shorter and regular undulations of 
the periods 10.5" and 22.6"'. 

Tlir calculated in i lud r)U.O"' fairly agrees with the observed. 
It is however to be noticed tliat at the mouth of the bay, 
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several nodal lines arc ooncoival)l(^, wliich may change contiim- 
oqbIj from one to the other. The above value corresponds to 
the mean portion of the nodal lines, and therefore the calculated 
values corresponding to the other nodal Imes* may be greater or 
^ less by several minutes than the above value. In the actual case, 

we also found the periods varying continously from 56.7" to 
62.9- or from fi2.9- to 67.7". 

(8) Tonoui-a. Top. 15. PI. Yl, Fisx. 4-5. 
' Toiutuiii is :i smill inlot sidiattd north of ITamada in 

Iwumi ; hero a Kelvin's tido-gango is at work. Tho secondary 
undulation is fon^pieuous, esjX'cially in stormy weather-^ (PI. VF. 
Fig. 4-5). Tho characteristic period in the bay is lL9"-ia.9'" 
while the calculated value is 11.1" in good accordance with 
I the actual. Besides, the periods 15.3" and 21.5"-28.8" are 

sometimes observed. 

In concluding the description regarding Japan Sea coast, 
it may be observed that in many of these stations, undulsitions 
of the pc?riods 120'"-130'"aud luO'^lHO " may sometimes be traced. 

m. FACiraO COASTS 07 HONSHm. 

(1) Same (Aug. 24-25. 1905). PI. VII. Fig. 1. 

Sam4 is an open coast on the Pacific side of Mutsu ; here 
the secondary undulation is conspicuous, but not regular. 
The periods observed are 16.4", 35.0" and 41.5". 

(2) Miyako. Top. 16. PI. VII. Fig. 2-3. 

Miyako is a bay on tho coast of Bikochiu, where a mete- 
orological station is pla(^. Dr. A. Iinamura has set up a tidO' 
gauge of tlie Richards' type at Kajigasaki, for the purpose of in- 
vestigating sea waves in connection with tiio earthquake, aiul many 
valuable recoj-ds were obtained, some of which arc reproduced in 
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PI. VII. l'\<^. J^3. Tho poriofls usually observable are 12.0", 

213"'- 22.0 , 23.U''-27.G' and 7>:k2'". Tlio periods observed in 

tho bny in the case of a ftorm or a sea wave of distant origin 

are those usually found iu tliO bay. The calculated ix^riod '24.0"', 

which corresponds to tho seiches between Miyako and the end /' 

of tho bay, fairly accords with tho conspicuous observed periods 

2L3--22.0*. 

(3) 6dBachi (Aug. 11-12, 1902). Top. 17. 

6dauchi is a bay not f/u from Miyako. Here the undulation 
is conspicuous; the period observed by Dr. Imamnra is 27.0'", 
wliUe tlic calculated period is 30.7." 

(4) RyOislii iind Kfimnishi (July 21-28, 1904). Top. 18-19. 
ri. VII, Fig. 4; I'i. Mil, Fig. !-->. 

The bays of KyOishi and Kaniaishi in Rikuchiu have j 
their mouth in common and in reality form a W-shaped bay. 

The jHincipal station was chosen at Kamaishi at the end 
of the latter bay ; other stations were Hcida, Kamagasaki, Washi- 
nosu and Aodashi Tlie simultanoons observations in these 
stations taken three at a time showed that the phase of the 
principal secondary nndnlation is the same for these stations. 
The amplitude of the undulation did not much diminish at 
Kamaga.saki and AVaslunosu as compared with the amplitude at 
Kamaishi. At Aodashi near the mouth oi the bay, tho second- 
ary undulation was very inconspicuous. The nndulations at *| 
ByOiahi were much complicated by the fsuperposition of shorter 
waves. We could sometimes find the undulations of the same 
pmiod and phase as those at EamaishL The periods obsei'ved 
are 12.0"-18.2-, ^OJ^T and 22.8" at RyOishi. and 8.6"-9.4-, 
and 918^-96.0"* at Kamaishi ; the calculated periods for 
these bays are 21.8*" or 20.0*" and 24.8" or 22.3** respectively. 
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Dr. Imamura also obUiiued the uuduktiou of the Bamc periods 
in 1902. 

The bay of liyOishi is of a V-shape, and consequently all 
waves proceeding toward the bay are found at ByOisbi situated 
at the end of the bay. On the othw hand, the bay of Eamaishi 
is somewhat mrooked so that at Kamaishi near its end, the sea 
is extremely cahn giving; rise to few short waves saoh as are 
always observable in free coasts. A wave, ^hoso wave length 
is very large compared witli an obstacle, goci round the ob- 
stacle ; but a wave wliosc wave It-n^^li is \ t iy small, is scret'ued 
by it and the sea behind it is quite irea from its influence. 

At Kamaishi and Ityoislii, we met with a storm on July 
27-28 ; the character of the secondary nndolations was not 
altered, except that they were much superposed by sigsags of 
shorter periods, and that their amplitude was somewhat in- 
creased. 

(4) Kojiiohama (July 26-31, 1904). Top. 20. PI. VIII, 
Kg. 3. 

Kojiniliiiinii is a stuull bay, south of the bay of Kamaishi ; 
statitms wt'it- l\<)jin)haina and Aishi. which are facing t<i vuch 
other. Tlie simultaneous obserNation show^ed that the phase of 
the most prominent undulation is the same for these two stations. 
The observed periods are 18.8"'-20.4"' and 24.6'", while the 
calculated period is 26.0^ 

It is remarkable to observe that the prominent period in 
the bay is nearly the same as that of Kamaishi or Bydishl 
Dr. Imamura also observed undulation of the same period in 
the bay. 

(5) Yoshihama (July 28-Aug. C, 1904). Top. 21, PL IX, 
Fig. 1-3. 
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This bay lies in the soutli of tlie bay of Kojirohama and 
not fill- \\-om it. Stations ^v< !<■ Yofsbihama, Konpaku, Bonzai 
and Kokabe. Tlu- si inudary utitiulation was generally iiTOcndar 
and inconspicuous ; but on Au";. 2-3, there appeanxl an unusual 
undulation of regular typo of tlie period 1 8.5"-19.6'", Probably 
this undnlation was coonected with the low pressure then pre- 
vailing over the Faoifie to the south of Tosa. It was also found 
that the undulation was very fiaiot at Senzai and Kokabe near 
the mouth, and conspicuous at Yoshihama and Konpaku at and 
near the end of the bay respectively, and that the phases of the 
piineipal undulation were the same for these stations. The 
periods obsor\-ed are irW". 1 0.5"'- 17.0"', 18.5 -20.1". 22.2""- 
23.1", and 32.0"'-37.2"'. The c deulated period is 21.1" in good 
coincidence with tlic period of the conspicuous undulation. 

(6) Okirai (Aug. 4-7, 1904). Top. 22. 

Stations were chosen at Okirai and Koishihama. The bay 
of Okirai had a rather narrow mouth. The observed praiods are 
10.0^ VfA*-Mr, and 54.5'", whOe the calculated period is 26.4"*. 

(7) RyOri (Aug. 8-9. 1904). Top. 23. 

The bay of RyOri has a form sbnilar to'the bay of Tosliihama. 
but its dimension is much smaller ; the station was chosen at 
Nouomo<\ 

The luidulation was not conspicuous; but the periods 12.1J", 
18.3"', 29.0'" and 33.3"' may be traced. The undulations ob- 
served by us were not conspicuous, though one of tho periods 
lies fairly near the calculated period of free oscillation 18.4". 

(8) 6funato (Aug. 8-10, 1904). T^. 24. FL X, Fig. 1-4. 

The bay of 6funato has an elongated form and is some- 
what crooked near its mouth, so that at 6fnnato situated at 
the end of the bay, the sea is extremdy calm. It has a form 
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specially littcd for the eoinparison of the phases of tlie second- 
ary iindnlatioiis at dillenut slaLiuiiS along the bay. Stiitions 
were Ofunato, Simagosaki, Takoiioura and Hosoura. The 
simultiineous observations between 6fimato and other stations 
Yrere taken at tbrco different dates. 

Fig. 1 and 8. or 2 and 4 are the rooords of the simnltane- 
cm observations ; 1 and l\ 2 and 2\ and 3 and 3' in those curves 
indicate the positions of the Gorrosponding time. They clearly 
show that the phase of the conspicootis nndnlation is the same 
for the»e three stations. 

The periods observed are 5,rr, 12.8 16.8 , 36.0 39.1'" 
and 41.5"'-4:^.ri'", while tlie calculated ymiod is MA'" m yrod 
agreement with the observed. At 6lunato and liosoura where 
undulation of periods 12.8"'-16.8'" was sometimes observed, the 
phases of the imdulation are opposite to each other. The 
nndnlation was very ineonspicaous at Bonagosaki situated mid- 
way between 6ftmato and Hosoute so that it may probably 
be a binodal oscillation of the bay. 

Waves of the short period 5.5" appeared at Hosoura and 
Sunagosaki but not at Takononra and 6fanato ; the absence of 
the waves at the latter stations is possibly due to the efl'ect 
of shadow. 

(9) Nuyama (July 21-Aug. 3, 1903). Top. 25. PL XI, 
Fig. 1-2. 

Niiyama is small V-shaped bay ; the imdulation is not 
very conspicuous. The observed periods are 6b4''-7.6'", 11.0*- 
12,8", gO-C-Sa.?", 27,5--8a.7-. 61,6". 71.6" and 00.0" ; while 
the calculated period is 7.5". 

(10) Ayukawa ( hdy ia-21, 1003). Top. 26. PI. Xl, Fig. 
3 ; PI. Xn. Fig. 1-2. 
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Here a continuous lecoid by Kclviirs titlt'-^^aiiso has been 
(;ik('ii since some ten years ago; many valiiaiilc rccuids con- 
iieeted with sea waves iind low pressures were obtained. Our 
observation wsis mndo nt the fidr-gauge stnfion ; the observed 
periods are W-ad", and aO.d'-aa.S"; while the 

calcnlation gave 8.9**. The same periods were also fcfond in 
the case of several sea waves aocompanied by earthquakes or 
atmospheric low pressure. 

(11) Sliiogama and SQragata. 

From the records obtained by Dr. Imnmnra at Shiogama 
in liikuzcu, and Iliragatu in liilacbi, wc found the following 
periods : — 

44'" at yiiiogania, 

S^"" and 50"' at Hiragata. 

{12) Capo of Inaboye (Aug. 6-17. 1003). PL XU, Fig. 3. 

The observation was made at the Gape of Innboye. The 
secondary undulation was not ' conspicuous, being superposed 
by the short waves of considerable amplitude; the observed 
undulations were a9". 16.3--18.1", 20.0", 26.0"-29.8", 81.0"- 
34.4'", 38.7'", 49.0'" and OO.C". 

(13) Tokyo. Top. 29. PI. XUl, Fig. 1-1. 

On tiie coast, of the Ray of Tokyo, sevcial tide-gauges oi 
Kelvin's iy\y<i are constantly working. Our tide-gauge wns set 
up at Etchiujima and records were continuously taken Irom 
Nov. 24 to Dec 5, 1904. Since August, 1906, a tide-gauge 
of our system has been placed at Eanegafnchi on the bank 
of the River Sumida about 2 km. distant from its mouth. In 
usual weathers, the undolafion of the bay is very faint, but 
regular and characteristic undulations of 68.1"- 67.0** end 
7240"-82.r' are sometimes obsened. In addition, the long periods 
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110"- ISO"" are often tmcetible. Since tlio bay is very large and 
shallow, it can. not easily be sot in oscillation n-; ;i whole by any 
QSlial cause of excitement. Judgin;,' from tliu calculated periods 
222" and ISS"* for the fandamental and the seiches oscillatioa re« 
spectivelj, the observed periods may be the higher harmonics of 
these oscillations, bat considering the smallness of the amplitude 
of oscillation, they are perhaps rather dne to progressive waves. 

lb the record at Kanegafachi, the relation between the rise of 
the level by a flood and the change of the tidal range deserves notice. 
As the level of the river increases, the tidal range (PI. XIII, 
P'ig. 4) becuiiios gradually less and at last very small. As the 
level gi-adually falls the tidal mululation is again restored. 

(14) Moroiso. Top. 30. PI. XIV, Fig. 1-5 ; Pi XV. Fig. 1-4. 

About 4 km. north of Misaki, there lies a small branched 
bay; the one branch is called Moroiso and the other Abnra- 
tsubo. 

At Aburatsubo, a Kelvin's tide-gauge is constantly working, 
to tho record of which Professor F. Omori has firequently re- 
ferred as Misaki mareogram. In the spring vacation of 1906, 
we also made simultaneous observations at different pai'ts of 
the bay. 

The undulation is vciy regular and conspicuous, having the 
periods 19.8"' -l&O" ; the calculation gives a fairly coincident 
value 13.4". 

The record shows an appearance of the beat of two waves 
of nearly the same wave length. So it was suspected that the 
phenomenon may be dne *to the interference of tiie two distinct 
modes of oscillation of the two branches of the lay which 

constitute a "vibrating system with two degrees of freedom ; but 
this is not the case, since tho simultaneous observations at 
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different parts of the bay showed the identity of waves with 
rosix^cfc to their fonus and phases. PI. XI V\ Fig. 2 and PI. XV. Fisj. 
1 , or PI. XIV, Fig. 4 and PI. XV, Fig. 2 arc the records of the siimiU 
taneous observations at Moroiso and Aburatsubo. PI. XIV, Fig. 
5 and Pi XV, Fig. 3 are the records of the simnltojieoiis ob- 
servations inside and oatside the bay; placing the one record 
upon the other, we can distinctly trace nndolations in the two 
reoords, which correspond to eadi othw. The amplitude ot the 
wave ontside the bay is however very sniall» as compared with 
that of tho undulation inside tiie bay. - PL XV, Fig. 4 is a 
record at Abuiutsubo in ;i stormy weather. 

(15) Atami (AprU 2-7, 1905). Top. 31. PI. XVI, Fig. 1-3. 
Atami is a town situated on the western side of the Bav 

of Sa^^mi and £amou8 for the geyser. The secondary undula- 
tions were so inconspicuous as to make it difficult to detect 
ihetr periods. We can, however, sometimes trace on ihe records 
the periods 12.8". 72.4--76.2- and 97.6^ 

(16) Shimoda (Jan. 4-^, 1906). Top. 32. PL XVH, Fig. 1-^. 
Shimoda is a small harbour at the southern end of Jm 

peninsula. The amplitude of the seoondaiy undulation is so 
'conspicuous that it is generally known as yota. Tlic oscil- 
lation becomes conspicuous, when a centre of Iriw inutisure is 
approaching from the Pacific towards the piiice. The periods 
observed are 11.9"', 13.8"'-18a"'. 21.5"" and SO.Q"". 

In the bay, two extreme nodal lines are conceivable, tho 
periods corresponding to these lines arc calculated to be 13.3"* 
and 15.9". Hence any wave of the period lying between tho 
values 13.8" and 15.9" may excite the oscillation of the bay ; 
the periods actually observed £all nearly within the same 
limits. 
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(17) Sliizuura (Sept. 4-6, 1904). Top. 36, I'l. XVIII, Fig. 1. 
In Sliiziuira nour the end of the l')ay of Siiniga, the 

secondary undulation is not conspicuous. The jH i iods observed 
nro lar-iaa™ and 71.0". The calculated value is r)4.5", so 
that the eoiis|tteu0a8 nndulation may be a binodai oscillation of 
the bay, but the amplitude o£ the wave being very amaU, the 
wave 18 possibly a progressive one. 

(18) Omaesaki (July 31-Aug. 5, 1903). PI. XVni. Fig. 2. 
The station is situated on a south*^tem comer of T6t6nu : 

the undulation is very ineonspieoons. The periods observed are 
18.6- and 27.7". 

(19) >hiisak:i (.Inly IT-'iS, 1903). PI. XVlll, Fig. 3. 
>rais!ika is situated on an Open fnast of the same province. 

The untlulutioii is inconspicuous ; the observed periods are 
10.0'", le.O", 20.2"'-23.4"', 30.2" and oS.O". 

(20) KamagOri (Sept. 1-3, 1904). Top. 38. PI. XIX. Fig. 1. 
EamagCri is situated near the eastern end of the Buy of 

Mikawa ; this bay has a considerable area, and is very shallow, 
so that its oscillation can not be easily excited by any ordmary 
cause. The undulation is not very conspicuous, observed periods 
are 18.7", ^fi.:")*" and 43.2"-45.1* An undulation of long period 
of 208" may also he traced. 

(21) Kaniezaki (Aug. 31-Sopt 2, 1904). Top. 38. PI. XIX, 
Fig. 2. 

Kamezaki is situated near the northern end of the same 
bay. loeoiiBpicuous undulations of 44.5" and (18.0'" are observed ; 
a period of 890" may also be traced. 

During our observation, we met with a storm, but the am* 
plitudes oi the. slow undulation were not much affected by it 

The Bay of Mikawa and the Sea of be form a large con- 
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nectod system. Throe modes of oscillation are possible: (a) the 

Urst unci srmvo-it motle is tlie oscillation of tho svstem as a 
whole, (h) tho seooiul is that of seiches hetween tho Bay and the 
Sea, and (c) the I'lst the oscillation of tho Bay only. 

The calculated porio<l3 corresiwnding to those modes of oscil- 
lation are respectively 363", 278" and 217". Though long periods 
obtained from observation fall near tho calculated values, it is 
diflScnlt to decide, from the scanty data, whether the observed 
periods actually correspond to the modes of oscillations above 
referred to* 

(22) Shionomisaki (July 29-Aug. 7, 1903). PL XIX, Fig. 

3 ; VI XX. Fig. 1-3. 

Shiouujuisaki is the foit'inost promontory of Kii, where a 
liiilit -house is placed. The observatinn was made at si l>eneh 
bolow tho ligbt-house ; the secondary undulation is very ineon- 
spien<nis, but we can sometimes trace the undulation of the 
periods 11.8"-16.3", 25.8" and 34.1". 

In a small bay of Kushimoto, which is not far from tho 
promontory, Kelvin's tide-gauge is constantly working. It is 
remarkable to observe that while the secondary undulation at 
the promontory is inconspicuous, the nndrthtion in the bay is 
very conspicuous. The periods 11.6 ^13.0 , 16.5 18 6 ', 21 5 23.7 ' 
and 32.1™ ju u obsened with considerable amplitudes, especially 
in connection with the cyclones (I'l. XX, Fig. 2-3). The cal- 
culated periods 12.8™ aud 18.3" ^irly coincide with the observed. 
The tide-gauge frequently recorded the sea waves originated on 
the American coast of the Pacific. 

Tho periods observed in the case of a cydone or of sea 
waves are the same as those observed in ordinary case. 

(23) Bay of 6aaka (Aug. 2-1 5, 1902). Top. 43. PI, XXI-XXV. 
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Before tbe present inyostigation was commenced,, the oaoil- 
latUm of the Bay was obaerved by tbe aeichce-party of the 
Committee, S. Nakamnra, K. Honda, Y. Tosluda, S. Iwamoto 

with Dr. Nakamura*s limnimeters. 

For the couveuii ucu of loferenco, the result is inehided in 
the present p'lper. The Iky has the form of an ( llip^o and 
communicates b}' two necks Akashiscto and Yurascto to liurima- 
nada and the Pacific respectively. 

Stations were chosen at Imazn, Kishiwada, Yura, and Iwaya« 
and obaervationB wore made simultanoonsly. As shown in the 
topograph, these stations are evenly distribated along the shore 
line of the ellipUcal bay. 

The original records, in which waves of short periods are 
beautifully traced (PI. XXIIT, XXIV, XXV), are not convenient 
for ik'tecting the seconduiy uudulationa with Ion"; periods of 
several tens of minntes, or for studyin<ij the iidv itself. For thiw 
purpose, the original records wore reduced to a proix-r scale, 
some examples of which are given ia Pl» XXI and XXll. Since 
the tide in Harimanada is nearly in opposite phase to that of 
the Pacific, the tidal wave at the stations is not natnrally 
simple. Comparing the tidal phases at these four stations, it 
may be concluded that as wo go from Ynra inwards along the 
eastern coast of the bay, the tidal phase is gradually retarded, 
and at Kishiwada, the difToronce amounts to about 20" to 75". 
The j)1i;is(' of the tide at Imazu is not however much retarded 
on the average ns compared witii that of Kishiwada. At 
Iwaya, facing Akashisoto, on the two sides of whieii tlie tidal 
phase is conaidombly different, the tide is nataraliy very 
complex. 

Thns, as compared with the tide at Yura, the phase of the 
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tide at Iwaya is Bomefcimes accelerated and sometimes tetarded 
hy several tens of -mimites. The tidal -wave in the bay chiefly 
enters through Tnraseto ; but the ^rimanada component, which 
enters through Akashiseto, is easily to bo traced. 

As regard? the secondary nndtdations, the longest waves ^ 
found in the records, have periods of 200"- 310"; the amplitude 
oxcoodoil ton cm. in one case, (PI. XXII, Fig. 1 o). The 
phase of oscillations for the four stations, is tlie same, so 
t.hnt tliis undulation i« probnlily duo to the oscillation of the 
whole basui aa a bay with its narrow necks at Akashiseto and 
Yuraseto. The result of calculation of the period for the mmle 
of oscillation gives 270*", which agrees well with the observed 
valne. Along with the long wave, one with the period of ca. 
lOO'-HO" is often recognized ; the phase of this nadolation is \ 
generally the same fw the northern stations Iwaya, Imazn and 
Kishiwada, while for Yura at the sonthem end of the bay, it 
is apparently opposite, in so far as we m;iy judge from the 
faint traces of this comprment. It is possible thnt under favour- 
able conditions, this undulation may lu ecmie very prominent, 
though in the records at hand, it is scarcely to be detected. 
The undulation is probably due to the uni nodal seiches of the 
bay along its longer axis. The calculated period of 120'" for 
the snspoctcd seiches is in good agroment with the observed 
period. Besides, conspicuous nndulations with the period of 
50"- G5" are oflon recognized. Comparing the phases of the 
undulation at difi^nt stations, it is at once found that for 
Kishiwada and Imazn, the motion la always opposite, and 
also that tlie phase of Ynru is the same as that of Imazu. 
'J'he undulation is ])robably fhnt of the binofhil seiches of 
the bay between Imuzu and Vura. The calculated period of 
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GO'" for this mode of oscillatiou £alk faii-Jy within the range of 
the obsciA ( (1 values. 

Ab to the seccmdar}'- undulations of shortcar periods, it maj 
be generally obaorved thai for each of the four stations, con> 
spioaous waves -with the periods 8*'-18*' are found -very fre- 
quently. Periods of 20*-25*' and 32**- 36" are also met witlu 
For Imazaand KiaMwada« waves of 8"- 18" periods occur very 
conspicuously ; and appar(!iitl y idontiol trains of waves may 
often bo traced at the two stations. Coiiipaiiii^^ tin- nxjords of 
the four stations on thv same days, waves common to diflorcut 
stations are often recognized. For examples : — 





KiBhiwada 


Imaza 




Tnxa 






13.0'" 




13.('r 




Aug. 3 


1 


9.4 




9.8 




3 




11.2 




13.6 


12.7'" 


8 




22.0 


22.8'" 










12.7 


12.1 










10.1 


10.1 




UA 












2o.(; 


21.<J 










8.1) 


9.0 










15.5 


15.(i 


14.8 




1 










13.3 


13.G 










1C.2 


16.3 


16.6 





Whether tiiese waves are due to some higher modes of stationary 

OBcillatiuii of the sea, or they are merely pro^iussivo waves 
genemted by meteorological or other causes is a question still 
to bo 8oIve<l. 

Waves with periods shorter tlian about 8^" are also generally 
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met. with widoly varying periods and often with considerable 
amplitudes. 

For Kishiwada and imazu, tlie short waves are generally 
very complicatod, periods of 1.4"- 1.5" and 2.0"- 2.5" being Teiy 
frequent. 

The rccoids of Iwaya, when compared with fhoso of the 
other Btationa arc characterized by the simi^feity of the short 
waves, tho most prominent waves boiDg of two groups, i.e. 1.0**- 
1.3"" and 2.1'"-2.5'". 

(24) Bay of Ilirushiniii (Jan. 17-23, 1U04). Top. 44. PI. 
XXVI, Fig. 1-2; PI. XXVII. Fig. 1. 

The observation was simultaneously made in a small bay 
of Yeilnjimn and in the harl)oar o£ Ujina. 

In Yedajima, tho tidal carve was often acGOmpanied by a 
regular and inconspicuons nndnlaticn of 60.0*". The period is 
fat greater than the value calculated from the dimensions of 
the small bay of Yedajima. In Ujina, ihs undulation of the 
same period and phase as in Yedajima was also observed ; 
hence the undulation which was obRerved at Yedajima and 
Ujiiia, is pi'obably due to the oscillation of tlic buy of Hiroshimu 
as a whole. The calculation according to this consideration 
gives a fairly coincident value Ol.t)'". 

Besido this imdulation, an <iFeillation of a shoiior period 
9.5*" was occasionally found both at Yedajima and Ujina. 

The tidal vrave in the bay imdorgoos a considef able change 
both in its form and phase, as compared with the tide on the 
Pacific coast Here the tidal range is considerably largo, and 
its form in the neighbourhood of its maximum <Hr minimum 
is comparatively stoop, as it is usually the case in a deep 
inlet. Tiie icUirdatiun of the tidal phase is about 3 hours as 
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compared witli the tide* on the Pacific coast of Shikoku. 

(25) Shimonoseki (Jan. 1 1--17. 1905). PI. XXVTT, FiV. o. 

As it is to ho cxpootod, tbo tidal curve at Shimonofioki 
has a peculiar character, superposod by the secondary iin- 
dulaUooB of short duration of the periods 4d.5" 64.3"'-57.6'* 
and 64.8". Wo can also trace an unduktion of longer period 
of about 150". 

IV. PACmO 00A8IS OF SHIKOKU. 

(1) Strait of Naruto (Aug. 1-25, 1900). Top. 43. Pi. 
XXVIII-XXXII. 

The Strait of Naruto is famous for its rajiitl cuiTent and 
tho eddies accompanying itb The strait separates liariinairfda 
from the Pacific by a narrow neck about 1.1 km. wide. The 
phase of the tide in the sea is just opposite to that of tiie 
Pacific : and when the Ftoific is in the high water or in the 
low water, tho sea ia in tho low water or in the high water 
respectivelyt so that at the strait, a level diflbrenoe of 1 to 1.5 m. 
is produced, and consequently a ton-ent of water mshes from 
the ocean into the tua nr in the reverse direetion, arctu-diiig to 
tho tidal phase. When the cuncnt attaint^ its inaxiiuuni velo- 
city, it often exceeds ll) knots per hour. The eun-ent is always 
accompanied with roariug sound and eddies. Eddies are usually 
jEormcd beliind the sti-eam ; thoir diameter exceeds (i meters, 
and they have ftanncl-sjiaped surfooes. If a boat be drawn into 
them, it is very difficult for it to get out, 

Tho observations were made at 5 stations — Shioyaaumi, 
fiinoura, Yebisnjima 6geura and Kameura, of which dif' 
ferent pairs were simultaneously observed. The records at 
Sliioyasumi and Kamem-a give the tide on the Harimanadu 
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Bide, whik) those at Hmoura and Yebisnjima giiFe the tide on 
the Fftoific aide. The tido at dgoura is affected by these 

two. 

TIk> tidal curves of tlio strait arc imicli complicated by the 
influence of the two tides in opposite phases and by the super- 
position of the seconduiy undulutioua. 

The records of Sliioyasumi show a characteristic feature 
(PL XXVm, Fig. ; the tides at Hinoum (Pi. XXX, Fig. 1) 
and Yebisnjima (PL XXIX Fig. 2, 4) are not simple. 

At 6gourat which comimmiGatos with Bamnanada and 
the Pacific, the tidal curve (PL XXX, Fig. 2, 3) has a Tery 
pocoliar form. As regards the high or low water at this station, 
it agrees roughly with that on the Paeilic .side. 

In these four station"!, cciiispieuous, but not regular, undula- 
tions are observed, the ^Ksriods of which are 

03", 90"'-120'" at Shioyasumi. 

43*", o4"'-59"', Tu'-Sti"', lir-12r at Ilinoura. 
Sl'-'-eS-, 68--74-, 84-", 94'--116* at Yebisnjima. 
54--67", 120,"180"-200" at Ogem», 

The tide of Eameura, which is abont 1 km. distant from 
Shioyasnmi and in the inside of the strait^ is comparativoly 
simple. The secondary nndnlations are vety moonspienoos, 
though we can sometimes tiace the undulations of the periods 
1G--20'" and 51"'- (54'". 

Comparing tlie phases ni the tide just inside and outside 
the strait, we observe that tliey arc nearly opix>site to each 
Other (PI. XXIX. Fig. 1, 2 ; PL XXVIU, Fig. 3 ; PI. XXX, Fig. 1.) 
a foct which at first sight appears very carious. Now, Hari- 
manada is connected to the other seas by three necks, namely 
Naruto Strait, Bisanseto and Akashiseto, of which the first. 
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being Teiy nanow as compared with others may be put out 
of consideration. The western neck Bisanseto is much wider 
than the eastern neck Akashiseto, the cross section of the 

former being more than twice that of the latter. Moreover the 
% tidal range at IVisansoto is much greater than thnt at Akashi- 

seto so that the fluK of tho soa water thron;^!) Iho former neck 
will probably amount to move tbaa threo times that through 
the latter. Thus sea-level in TTarimanada is principally deter- 
mined by the tide from the western neck* The tidal wave of 
the Pacific enters the inland sea of Seto through the channel 
of Bungo, propagates eastward through the seas of lyonada 
and Bingonada and arrives at Bisanseto, so that it requires 
abont 5 hours to travel through the distance. This wave takes 
• still 40 or 50 minutes to got at tho strait of Naruto, so that 

inside and outside tlio strait, the phase differs by about 0 hours, 
as actually observed. 

It is a mattor of considerable interest to compare the 
phn^o< of tho components constituting the tidal wave on both 
sides of the strait. By means of a recti&er constracted by one 
of US,* wo may efiminate the semi-diurnal or diurnal component, 
if it be known to exist In this way, we may resolve a tidal 
wave into a certain number of components. Thus, the tides at 
Hinonra (PL XXX. Fig. 1) and Shioyasumi (PI. XXVni, Fig. 3) 
were respectively resolved into three components m shown in 
PI. XXXI, Fig. 1. 2, They clearly show that the jnincipal 
semi-diurnal compniont*! luive opposite phases for lliuoura and 
Sliioyasnmi. In a similar way, the tides at Kameura (PI. 
XXIX. Fig. a) and 6geara (PI. XXX, Fig. 3) were respectively 

*} T. Tcnuia, A Tide rectifier, PaUicntioos o£ the EnrtUiiiuike XaTcsUgation Committee 
in VimMii iMigweM. Ha 18. VMt. 
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resolved into three oomponcnts shown in PL XXXII, Fig. 1, 2. 
The principal siemidiarnal components at Kameura and 6goam 
have nearly opposite phases to each other. It is to be obserred 
that in those fij^iires, the dinmal components were not separat- 
ed ; they arc very conspicuous at Kaincura aiui 6gcum, bul ^ 
not at Tliiiouiii and Sliioyasujju. 

Wiien the current was rushinj;: from the Pacitic into Hurima- 
nada an interesting phenomenoii was observed. As the ctnront 
increased its velocity, a regnkr nndoJation of about 2.5'° (PL 
XXVni, Fig. 4) became gradually conspicnons and attained a 
maximum amplitude of about 18 cm., and then gradually de- 
creased with the diminishing velocity of the cnrronL In the 
records of Shioyasnmi (PL XXVin. Fig. 1-3), thickly zigzaged 
portions indicate the einstenoe of snch wiai^. Thus it seems I, 
very probable that the current beliaves like a jet of air blown 
into the month of an organ pipe, cansing ytandin;j; osoillatioti 
o£ the uir colunui in the pij)e. The torrent of water rushing 
from the Pacific into tlie strait excites a standing oscillation 
of the water in the neighbourhood of the Strait. A few years 
ago, Professor H. Nagaoka expressed the possibility 4hat the 
KurothiwOt which is the current along the coast of Japan with 
a velocity of a few knots per honr, may bo the origin of the 
long waves observable on our coasts. The present case aflbrds 
a good example for illustrating the abovo view on a small 
scale. 

If wo brills two reeoiils of consecutive days of normal 
weather into coincidence as regard the tidal phase, we observe 
in each record, the same succession of the secondary undula- 
tions following one after another; this remarkable lact is also 
noticeable on some other coasts. 
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•• (2) Tei (July 23— Aug. 8, 1903). PL XXXm. 

This station is sitnated on the Ftuufic coast of Tosa. The 
records show undLLbitions of the porio<]s 7.o'", 25.0 ', oO.i)' - 
32.9-", 39.9'", 49.r-52.9'" and 73.9'"-77.5"\ smaU in ampUtudo 
^ and short in duration. 

On July 33 to 31, the sea was very loagh notwithstand- 
ing calm weather, when a remarkably simple secondary nndnia- 
tiOD of considerable amplitade appeared, lasting over IS hours 
with a mean period of 61". The appearance, of this remark- 
able imdolation is probably connected with the low atmospheric 
pressure then prevailing over the vidnity of Formosa (PI. Xdll). 

(3) Susaki (Aug. 9-28, 1903 and xViicr. 29-Sept. 7, 1904). 
Top 45. PI. XXXIV-XXXVII ; Vl XXXMll, Fig. 1-2. 

Sn'^aki is n doop bay on tho midiUc coast of Toga. The 
observations were made at 5 stations Yaraasakibana, Sluiaiwa, 
6tani, Jleshima and Kuro. The diagi-araa of Yamasakibana 
are characterized by simplicity of nndulation, the p^ods ob* 
served are 8B.4"'-8a5", 80.9^-41.6-, 48i*-4e.6~ and 50.0" 

As an illustration of tho modes of superpositions' of a 
series of diffisrent waves, rectified diagrams are given in PI. 

XXX\^ A. B. C. In cnrvo A, a train of waves of tlio period 
38 ' is superposed on waves of the period 70'", tho former com- 
ponent being moat eonspiciinus lu tweon he, while the latter is 
pronounced between ab. In curve B, the waves of the period 
76'° are superposed on the waves of the period 38"? between 
ab, the latter component gradoally passing into the waves of 
36" between he. In curve C, between a6, waves ol the periods 
51" and 36" form an apparent beat, and between do, waves of 
100" are soperposed on waves of 50"*, 
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When diffisrent rectified oams ate compared mrith one an- 
other, the remarlnbte lad; is revealed tlmt almost ident$eal 

forms of waves occui" very froquoiitly dariiif; tlio ct)nrse of suc- 
cessive days. The examples of such a coincidence of wavo- 
form are given in PI. XXXVI, curve D-J. It appears that 
some particular form of waves is often repeated at the cor- 
responding part of the tidal curve, for two consecutive days; 
this is shown in carve I) and ly, in which identical waves 
oocnr in the same relation to the Mdal phase. It also occurs 
that the same train of waves is recognised at the low water 
of one record and at high water of another, as shown in curve 
E and E', or P and F. When, however, dilSbrent records, which 
arc several days apart, are compared, the same waves arc found 
apparently with no definite relation to the tidal phase as shown 
in curves H and IT'. Curves T and 1' show an example in 
which a train of wave occurs on different days in apparently 
inverted form. In curve )\ the direction of the time is inverted. 
Carve K shows an example in which seocmdaiy waves of 
shorter periods are vety iSeunt, whereas a long wave of about 
100" is rather con^onoos. Curves L and U which are the 
rectified records of Totsn, are given for comparison with K. 

At Shiraiwa, the aeet is Yerjr calm, whereas the secondary 
undulation of the period 3 1.0"' (ri XXXVlll, Fig. 1) is most 
pronounced. The periods olisei vorl at 6tani aio 17.6'"-18.2'", 
85.4"' and 53.3"'. and ihusv. ut noshima are 24.6 "-27.6"', 39.7"" 
and 55.1"*. At Kure, secondary undulation of the periods 150"- 
16,3° and eLS" are noticeable. 

Oompanng the reootda of Kure and Tamasakibana on the 
same days (PI XXXVII, Hg. 3-^}, it will he seen that while 
the wave somewhat longer than 90"* is common to both 
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stations, tbe shofrter -waves of 36"'-42" period appear only in the 
lato station, and those of 16" only in the fonner. Again, 
oomparing the reoords of Yamasakibana and 6tani on the same 
days (PL XXXVn, Fig. 1,2), 36*-42" waves are found oonunon 
^ to both stations, while 18" waves are peonliar to the latter 

station. At Heshima, which is situat€<I at the mouth of the 
minor inlet of Nomi, the 10™ wave is absent, and 35'"~42" 
waves are apparently traced, though not o£ such great ampli* 
tude as at Yamasakibana. 

Thus we may infer that the undulation of 35"'-42"' has a 
node near Knre, and that the period of about 16" at Knie seems 
to be dne to the oscillation of the minor inlet The nndolation 
of about 18" is pirobably due to the seiofaea between Awa and 
6tanL 

calculated values of the pmods corresponding to these snp' 

postnl modes oi undulation show a fair agreement with the 
actual periods. 

As will be seen soon after, investigations with models also . 
lead to the same conclusion. 

(4) Yotsu (Aug. 28-30, 1903). PL XXXVIU. Fig. 3. 

This station is situated on the western part of the Paeifio 
coast of Tosa; the seoondary undulations were very inoon- 
spicQons* Periods of 14.6"-16.4" and 75.8" could however be 
traced. 

« 

V. COAm OF KIUSUIO. 

(I) HoBOshima (Doc. 21-26, 1904). Top. 50. PI. XXXIX- 

XL. 

Hososliima is an elongated bay on tlie eastern coast of 
Hiuga ; here Kelvin's tide-gauge is constantly working. It has 
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recorded several sea waves, which wore originated on the 

American coasts and traversed across the Pacific. Simultaneoas 

observations were made at Hososbbna and Iseigahama situated 

inside and outside the hay respectively. In the hay, extremely 

regular undulations appeared snperposed on the tidal waves ; the n 

periods varied from 17.8"* to 90.8* aooofding to the tidal phase. 

In calm weather, the amplitude of undulation amounted even to 

25 cm. Tlie period ol' Lhc imdulation slightly decreases, as the 

tide }i;i3S09 from low water to high. The calculated period i« 

19.0"', wliic'h fairly agrees with the oljscrved one. The change 

of the poriod caused by the change of the depth by tidal motion 

has also the rangd, which is to be expected ttom the theoiy. 

Besides, longer periods 34.0"- 88.7* and 43.4"- 49.1" are some- : 

times observed, j 

Outside the bay, undulations of the periods 17.8"- 20.3" are 
very fiiint, and Inconspicuous undulatums of the longer periods 
are also observable. I'laciii;j; a record in the bay \.i[)on tho 
corresponding one of the (>|mii coast, we can distinctly tmce ' 
undulations in the two records, wliich coiTcspoud to Gash 
other. 

On the open coast of Hososhima, we actmdly met with two 
small inlets some ton meters long, each of which was otmstautly 
excited by waves of short periods parooeeding one after another 
toward the inlets, and made an approximate standing oscillation 
of considerable amplitude, having tho node at its mouth. 

If we bring tWo records of any consociftivo days into coin^ 
(^onde as rcixnrdB tho i^dal phase, we obseErve the same suc- 
cession oi undulations. 

PI. Xli, Fig. 1-3 are tho records in stormy weather obtained 
by KelviM*s tide-^uge. In the first two cuitcs, tho period 
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corresponding to the binodal oscillation of the bay is very con- 
spicuous while ill the thii-d curve, the periods of limdaotontal 
oscillation only aie observable. 

(2) Abuiatsn (Doc 27-31. 1904). Top. 58, PI. XU." 

% Abtuiatsn is a snmU bay on tiie southern coast of Hiuga ; 

simultaneoQS observations were made at Aburatsa and Umega-' 
hama, inside and outside the bay respectively. In the bay, 
we observed conspicuous undulations, though they arc not reg- 
ular. Tlie periods observed are IS-O^-IQ-O' , 21.0™- 24.5", 
37.5™- 39.2'" and 43.0*"; they are nearly the sdum us those ob- 
served at Hosusbima. In ordinary weather^ tlie amplitude of 
the conspicnous undulation often exceeds 13 cm. The calcalafeed 
period is 15.1"!. * . 

Outside the bay, the undulationB aie very inconspiouoliB v 
but the same periods as; those inside are also traeeaUe. 11 wo 
bring two corresponding records in and outside the bay . 'into 
ooineidenoe, we can distinctly trace the corresponding nndula- 
tions of one recoixl in the other (PI. XLI, Kg. 1 and 3, or 2 and 
4). As in the case of ITososhima, if wo bring two records of 
* any consecutive days into coincidence as regards the tidal phase, 

we notice the same succession of secondary uuduhitions. 

(3) Kagoshirna (Arig. 1-7, 1005), Top. 69. i*l XLU-XLIH. 
The large Bay o£ Kagoshima has an eloDgated form, 77 km. 

long.' and ^0 Ion. broad in its widest pari. The island of Sakora- 
pma, an active volcano, situated about 11km. flpom its end, 
divides the bay into two 'jporiions communicating with each 
other by two channels on both sides of the island. The .ob- 
servation stations wore Kajiki, KagOshima and Ibusuki ; they are 
situated at the end, along one of the channels and at about 
10 km. from Uiq mouth of tho bay I'espectively. The first and 
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second stations, as 'well as the aeoond and tltixd statioiiB were 

simuitaueoutily ubiicrved. 

At Kajiki, the tidal ciirvo was extremely smocjtli, sliowing 
no trace of BeconUary luidukLiou. It appears then that 8akura- 
jima nearly screens long waves from being propagated into the 
bay. The tidal curves ni Knjiki and Kagoshima almost coin- 
cided with each other, showing that the narrow channels have 
neither damping nor retarding eflfeot Sat the oceanic tide of ex- 
tremely long wave length. 

The record of Kagoshima was generally very simple, bat 
frequently regular undulations of 17.2* and 22.8"- 23.9" are 
observed. 

At Ibusuki, the observed periods are 14.2™ and 185*- 
20.6"'. Since tln' undulations at Kai,'osliima were very faint 
during our observ ation, the existouco oi the corresponding waves 
at the station is not cei'tain. 

la the calculation of the peiiod of the oscillation in the 
bay that port which extends from tiie mouth to Salnirajuna, 
is only to be talceh into consideration, because the rest is not 
disturbed by ordinary waves. The calculated period of tiio 
fimdamental oscillation is 107", which exceeds very much fhe 
obsen-ed vuluo. The observed undulation may ixjssiblv bo 
due to progressive waves, which have the same pc-riods as 
those freijuently found in different coasts of Kiusliiu. That 
the amplitude of the undulations is considerably less in Ka- 
goshima than in Ibusuki, indicates the plausibility of the above 
view. 

(4) Nagasaki (Jan. 9-13, 1905). Top. 60. FL XUY-XLV. 
Nagasaki is a well known harbour on the western coast 
of Kiushiu. The observation was made near tho end of the 
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bay. Stooe March 1905, a tide-gauge of oar By-Btem haa been 
Bet up in tbe same plaoe by the: Office, and many beaatifiil 
leofffidB obtained. 

In the bay, the seoondaiy nndnlatioa is bo oonapicioaB 
that it is Qsnally known as ahiki. The observed periods are 
22.6*-.25.2'", 31.9-"- 82.4", 84.5'"- 37.6", 40.1". 44.5"- 45.2'", SS.S" 
and 69.0™- 72.0"' : the amplitude of the co!isi)icuous undula- 
tions oftcu exceeds lialf a meter. On one occasion, about 10 
years ago, the amplitude of the abiki was over 2 meters, and 
a laige nmnber of boats and steamers arc said to liave been 
danmged. The lai-gest amplitude since the beginning of the 
ttde-gange observation was 1.54 m., at midnight on Hay 1, 
1906. FL XLIV and XLV are records of the feimoas abUd 
together -with records of less remarkable nndnlatioiis. 

The oonspiooous abUd is generally associated with weaKher 
in which the isobars in the neighbourhood of the district is 
much crooked by two coexisting low baronieUic centres (PI. 
XCITT — XCTV). It is well known tliat a tornftdo is frequently 
associated with such a distribution of isobars ; then it seems 
very probable that a sudden local disturbance of pressure may 
often be accompanied with an nnstable baromomotric distriba- 
tion. The aMld is often fomid in apparently cahn weather; a 
deep barometric centra with regular concentric isobars, which 
is appfoacbing the district, excites short waves of considerable 
amplitnde, bat does not cause the eMId in a miurked d^ree.< 

As to mode of oscillation of the bay, two are conceivable. 
The one is seiches between Fukahori and the end of the bay ; 
the other is the fundamental oscillation having tlic node at the 
mouth. The periods calculated on this supposition are 22.0"" and 
37.5" respectively, closely agre^ng with the observed periods; 
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(6) Fukahori Top. 60. FL XLVI. 

Fdkahori lies near fhe western mouth of the bay of Naga- 
saki ; here Kelvin's tide-gauge is always working. The undula- 
tion is generally inoonspicaons ; the same periods as those 
observable at Nagasain are also traceable. It is interestintr to 
notice that though the (jrdinarv (isc'ilhiti(m of the bay is very 
promimiiit nt Na;.'a?'aki, it is not conspifuotia at Fiikahnri. the 
latter being situau.'<l at the Jiodc of tho osciUation. Even tlio 
great abiki of Nagasaki on May 2, lOo.-j fPl. XLVI, Fig. 1-2) 
was only 30 cm. in amplitude at Fukahori. On the other 
hand, the seiehea between Nagasaki and Fukahori are rather 
conspieuoua at the latter station, where the osdUation forms 
its loop. Fig. 1 and 2 are two records, when large abiki* 
appeared at Nagasaki ; Fig. 3 is an' example of tho record in 
storiny weather. 

VI. BONIN ISLANDS AND FOBMOSA. 

(1) Futami. Top. 04. PI. XLVI I. 

Since December, lUOC, a tide-gaugo of our system Ims 
been set np in the bay of Ftitami in "Bonin Islands (Ogasa^- 
rajima) about a thousand kilometers south off the coast of 
Hbnshin. The ondnlaticm in the bay is always veiy regular 
and conspicuous, with periods tSS'-IBJSr, 17Jir and 18.0*- 
indicating that in this portion of the far ocean, there always 
exist - waves of moderately long periods with greater or less 
amplitude. Tho period calculated is 13.6"" which is somewhat 
less than the obsen-ed value. 

(2) Kolung. Top. 05. PI. XLVIII, Fig. 1-2. 

Kohmg is a harbour at the northern end of Formosa ; here 
Kelvin's. tide>gauge has been set up since ten years ago. The 



Digitized by Google 



8B00SDABT UNDUL4TI0M6 OP OOB&HIO TIM 



49 



unduJation is not very conspicaoua ; the observed periods are 
a&r-^MM" and 57.2". The oalciilated period 25.8"* fairly coin* 
ddes with the observed. 

(3) Tabow. PL XLYm, Fig. 3-4. 
\ Takow is situated on the soathem ooast of Formosa ; here 

Kelvin's tido-gau;^o is also oonstantly working. The.nndnlation 
is very inconspicuous; the periods obacn'cd are 11.9"- IS.?" 
and 24.4"-26.5'". 

§ 5. EXPERIMENTS WITH MODELS. 

To confirm our tbecary, it appeared intoresiing to eo^riment 
with models* and thereby find the actoal modes of oscillation of 
diflbrent bays. Models of several bays were formed with definite 
proportions to the actaa! dimensions, and tiie periods of the 
models were oompaied with those observed in bays. In reducing 
ihe period of the model to the aetaal one, it was assumed that 
the period is proportional to Ien<rth and inversely yaoportional 
to the sr[nai(' l ont uf depth, provided the latter is a small frac- 
tion of the former. 

To construct a model, coatonr lines of a bay were drawn 
on separate sine plates, which were afterwards cat along these 
lines. The plates were then placed one upon another; the 
distance between two consecutive plates was kept by blocks 
of wood of such thickness that it bears a definite ratio to the 
aotoal depth. The interspaces between the plates were then 
lilk-d with cement. The models thus constructed were immersed 
ia a largo rectangular tnnk (1 50 < 76x19 cm.*) liiied with water 
up to the water line of the model. 

The waves wore excited by a pendulum bob oscillating in 
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Fig. 6. 




thd water ; a lead ball. 7 em in diameter 
was Buspendod by two strings- passing 
throagh two holes in a horisontal rod* as 
shown in Fig. 6. The part of tlio pendulnm, 
which osciUated with the bob, was flins 
restricted to that )ptai of the strings below 
the lioi izontal rod : the length of this 
portion could bo vari( d af will by nioving 
tlic tod upward or dowuwani. With this 
arrangejiient, it was easy to obtain, a 
period loss thnn throe seconds. For a 
longer period* however, it woald be nooes- 
sary to use a pcmdolum of oonsid^ble 
length. To avoid this inconvenience, a horizonfal pendnlum 
was utilized. As shown in Fig. 7, a bar was horizontally snp- 
Fig' 7. ported by means of a string 

BiiBpcnded from a knife odfjc, 
and of a steel cup, in which 
tho [Kjint of the horizontal 
bar rested. A lieavy lojul 
ball was hung by a three-way 
string from a frame attached 
to the horizontal rod. By 
propialy inclining the snj^rt 
of the pendulum, periods 
grmtcr than thrco seconds 
could easily be obtained. 
When the pendulum was made to oscillate in front of the model 
with its bril) inidur the surface of water, the water in the model 
oscillated smoothly with no appreciable surface wuvo. Tliough 
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the ampliiado of osclUatioa of the pendulum gradually decreased, 
if it itete onco started and left to itself, it could be kept fairly 
constant by applying a small force by band at suitable intervals. 

To avoid the reflection Vf the excited vrave from the walls 
of the tank, a thick layer of a damping material, such as 
wood shavings, was laid in front of the reflecting walls. 

By exciting waves with the abosc ariuiigLineiit. the water 
in tlio nKKlel of the bay made a bLutiditig OFcilla(ioii. wliose 
amplitude was generally small ; but as the period o£ the pendulum 
approached the proper period of the bay, the amplitude of oscil- 
lation gradually increased, and when the period exactly coincid- 
ed with that of the model the amplitude of tho latter was 
a maximum. In this case, the mode of oscillation proved to 
be that conceived by us, that is* the end of the bay was a 
loop for vertical motion and a node for horismtal motion, 
while its month was a node for vortical motion and a loo^i 
for horizontal iiiutioii. The phase the water particles in tho 
bay was the same t\<r all parts tlio bay, when the oscilla- 
tion was the fundamental one. In an elongated bay, a binodol 
or trinodal oscillation was easily produced. 

For observing tho mode of oscillation of the water, it was 
convenient to follow tho motion of iinc cork powders or bettor 
fine alumloium powd^ scattered over the surfaoo of the water. 
To dinuuish the effect of surface tension of water on tho motion 
of the powders as much as possible, drops of oil were put 
mto the tank ; the powder was thai finely scattered, the 
SUi'facc ul" water being well stirred. 

In tbis way, exprriniciii with tliu model showed clearly the 
paths, along wdiicli the water particles moved. We also took 
photographs of tho model in the tank, when tho bay water was 
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OBcUkiiiiig. By pladDg a photgzaphio oamora in a vertical posi- 
tion over ihe model and exposing the dry plate about half a 
period of oscillation, a fine path -waa traced an. the plate hf 
eacli moving alammiom paitLole, and an aggregate of 8u<di tia<^ 
of the particles showed beautifiilly the aottial mode of the hoii- I 

« 

iiontul motion. 

To determine the proper period uf oseillation of a model, the 
period I'f the pendulum was so adjusted as to give a nearly 
ma^mum amplit»ide of resonance. The pendulum was then 
stopped, and the period of the subsoqaent free oscillations was 
determined by means of a stop-watch. Though the period of 
the pendnlom varied slightly from the proper value, the period 
of the subsequent oseiUation was quite constant. 

If the period of the exciter difihred considerably from the i 
proper ijeriod of the bay, the osoillataon after the stopping of 
the pendulum was riii>idly diuiiped, and this gave us a good • 
ineuus of det('ctiii;j^, \vht ther the period of the exciter was near 
to the proper one, or not. 

Wo experimented with models of seven bays, in which 
regolar and conspionous undnlationB were observed ; the results 
of experiments are givm below : — 

(a) Bay of Hakodate. PL LXXXVU. 

The scales of the model were as follows :— Length 1 : 20.200, ' 
and depth 1 : 648, so that the factor n which was to be multi* 

plied into the observed period in order to obtain tlie period of 
oscillation of the actual bay, was 803. The' l>ay had two modes 
of oscillation; that is. the one was the luii<hiinontal oskciliation 
with its node nl the mouth and the other the lateral oscillation 
between Hakodate and Tomikawa with its node midway betweoi 
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them. The periods of these oflciUatiaiiB were 8.37' and 1.64* 
respectively ; iDiiltiplyiiig by r, we get 47.0* and 23.6* in good 
coinddenoe with the observed values. These two modes of 
oeoillaiion are dearly seen from the photographs No. 1 and 2. 
V Though the photographs show beautifully the line of motion of 

the water particles, they do not give the dirtxition of mutiuii ; 
hence in Fig. 1 and 2 the diroction of luution, as actually observed 
by experiments, is indicated by arrows. It is veiy intere^itiiig to 
trace the stream lines in the case of the lateral osciUatioii (Fig, 
2). Certain stream lines extend from Hakodate to Tomikawa 
and gradually diverge toward the middle, while other lines nm 
toward the mouth of the bay from the Tomikawa side. 

In experimenting with models, it was observed that the 
period of the fiorefaig wave, which corresponds to the maxfanum 
resonance, is not well defined ; within a certain range of the 
period, which did nut much difl'er from the period of free oscil- 
lation, tlio oscillafii)!! roinaiued fairly conspicuous. 

In the actual bay, such a phenomenon was also observed : 
oonsfHlcuous undulations of 45.5"-57.5"' wore fn quontly observed, 
the period of free oscillation of the bay bedng 47.0". 

(d) Bay of Aomori. PI LXXXVUI. 

The scales of the model were as follows : — Length 1 : 
110,700, and depth 1 : 781, so that the footer r was 4,090. 

The model had also two modes of oscillaMon as in the case 

of Hakodate, i.e. the fiuidumoutal and ilio lateral oscilktiun. The 
periods of their free oscillations were 4.4.j'and 1. GO' respective- 
ly ; multiplying by r, we got 303" and 108™. During our ob- 
servatlotis on the aoteal bay, two oscillations of the periods 
300" and lOS*" were observed, which well accord with the above 
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values. The pliolograplis No. 3 and 4, togotlier with Fi^;. 3 nnd 

4, show the motion of the water particles corresponfliug to these 

modes of oscillation. The stream lines (Fig. 3 and 4) m the 

case of the lateral ofidllation deserve a special notice. The 

greator part of these Imos extends from Aomori to dminato side, i 

wbOe the romaiiiiiig lines run from Aomori toward the entrance 

of the bay ; the case is just analogous to the corresponding 

oscillation in tho bay of Hakodate. 

(c) Bay of Moroiiio. 1»1. LXXXVIII. 

The scales of the model were as follows : — ^Length 1 : 6,066 
and depth 1 : 226 ; tho factor r was 404. Tho fundamental 
oscillation was 2.28*; multiplying by i% we got 14.8" in a good 
accordance with the ohsorved period. The photograph No. 5 
and Fig. 5 show this fundamental mode of oscillation. 

(if) Bay of busaki. PL LXXXIX. 

Tho scales of the model were as follows : — ^Length 1 : 24,300, 

and depth 1 :915, so that the factor r was 803. 

The bay has a very com plica led fuim and many small inlets 
inside it. By exciting short waves, some inlets energetically 
oscUlate<l, while the others stood almost still, showing beauti- 
fully the plicnomenon of resonance. 

Waves of differ^t periods were excited and corresponding 
modes of oscillation of the bay were studied. A pciiod 2.80* 
was that d the osdUation of the bay as a whole, period 1.86' 
that of the lateral oscillation between Awa and 6tani, and 
period 1.25* that of the oscillation of the small inlet of Kure. 
Multiplying them by r, we get 37.5"', 18.2"' and 10.7'" respectivdy, 
which agree very well with the observed as well as tho 
calculated values. 
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The photograph No. 6 and Fig, 6 show a fundamental 
oscillation of the principal part of the bay as a whole, in which 
case the BmaU inlet of Eure almost stands stiU. The photo- 
graph No. 7 and Fig. 7 indicate an oscillation of th<^ inlet of 
Knre, where the water enefrgotically osdlbtes between Kure and 
a ncighbom-ing inlet. 

(e) Bay of Hososhima. PI. XO. 

The BcaloR of the model were as follows :-^T.onL^f]i 1 : 
10,140, and depth 1:300, so that tho factor r was 531. The 
fundamental and the binodal osoiUations were found to have the 
periods 2.21' and 0.90' ; multiplying by r, we get 19.6" and 8.0"*. 
The phase of tho fondamental oscillation is the same for all 
parts of the bay, while that of the bmodal is opposite for the 
month and near the end of the bay ; tho photograplis No. 8 and 

9 show also these two modea of oscillation. In the actual bay, 
tho p(') ioi]>; corresponding to those two modes of oscillation were 
also observed. 

(/) Bay of Nagasaki. PI. XCl. 

The scales of the model were as follows : — ^Length 1 : 12,130, 
and depth 1 :548, so that the factor r was 518. 

The bay had two modes of oscillation, that is, the funda- 
mental and the seiches-like oscillation. The former had its node 

at tho wide month opened to the north-western direction, whtlo 
tlie latter had its loops of opposite phases on the Nagasaki 
and Fnkahori sides. Tiio piiotographs Xo. 10 and 11 and Fig. 

10 and 11, show the two modes of oscillation. It is interesting 
to observe that in the seiches oscillation (Fig. 11), wlien the 
water flows from the wide month toward Fnkahori, there is 
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also a stream in the direction from Nagasaki to Fukahori, and 
when the water flows in the opposite diiection, there is also a 
stvoBin directed towards Nagasaki, thus forming an oscillation 
similar to the seiches between the two places. 

The proper periods corresponding to these two* modes of 
oscillation are 2.68" and 4.45'; mnltiplying by r, wo get 28.3" 
and 38.4" in good agreement with ttio observed periods. 

(a) Bay of San Francisco. FL XCD. 

During the last flfly years, the tide-gauge at San Francisco 
has recorded several sea waves which originated at diflerent 
coasts of the Fttcific ; the periods of the waves recorded are 
17.8"-19.2», 24.3"- 27,8*", 34.3-- 41.2", 47.4" and 116-. of which 
tiie first is an octavo of the third. 

Now the Bay of San Francisco is of a veiy con^ilicated 
form, so that it is very difficult to find ont by calcniation what 
modes of oscillutioii correspond to tho actual pcriotls. Hence a 
model of the bay was constructed after tho chart published by 
Washington Coast and Geodetic Survey and presented to Pro- 
fessor F. Omori by Dr. 0. IT. Tittraann, superintendent of tho 
Office, The scales of the model were as follows: — Length 
1 : 40,000, and depth 1 : 360, so that the fisctor r was 3,076. 
The model was too large to be put in the tank and so it was 
placed ill a small pond of the University. Since the greater 
part of tho model was very shallow, the oscillation rapidly sub* 
sided, when the exciting wave was stopped, so that the period 
was always determined by observing tho maximum resonance 
of tho bay. For tlie cxcititt^f wave ineident on (Joldcn Gate, 
tho priiicipui monies of oscillation of the water were the oscil- 
lations between the West Berkeley and Sausalito sides. The 
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remaining portion of the bay extending to Ixtth sides aeems to 
have little inflnence on these modes of osoillation. 

By exciting waves of periods ranging ftom 3.1* to 3.5% the 
water in the bay eneigotically oscillated with the fiindamental 
mode of oscillation, having its node at Golden Gate and its loop 
at the West IJerkelev side. The most easilv excitable mode of 
o«;rillnti(ni was a binodal seiches between the narrowest mouth 
iiue aiul WorfL lk?rkclt'\" nidv; tlio positiuas of the loups are 
dearly seen from tlio photograph No, 12 and Fig. 12 (a chief 
part of the model). The period of tho exciting wave, wliich gave 
a marked resonance to the binodal seiches of the bay, ranged 
from 1.1' to 1.4*. By slightly changing the period of the wave, 
the corresponding displacement of nodal line was observed. We 
coold also prodnce a trinodal seiches of the bay, whose period 
of oscillation was 0.8'. Mnltiplying these periods by r, we get 
lOT""- 122'", 38"- 48™, and 28."' The iieriod IIG", which probably 
corresponds to tho fundainental oscillation of the bay, was act- 
ually found in the sea wave from South America, 1808, observed 
in the bay. Periods corresponding to the binodal and trinodal 
oscillations were often observed in the bay in the case of 
several sea waves. 

§ 6. FORMULA FOR CALCULATING THE PERIODS 
OF THE UNDULATION IN BAYS. 

(a) Bectangular bay of constant depth. 

The oscillation of the water in a bay is the same as the 

seiches in a lako of double length, the mouth correction being 
taken into account. Hence if / and // denote respectively the 
length and tho depth of a rectangular bay of a constant depth, 
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tho period T of the ireo, oscillation of tho bay, having the node 
at its Dioutb and tlic loop at its end, will be given by tho 
formula 

provided tiie oorrection dae to the mouth be neglected. This 
correction may easily be found in the folloiring my. 

Take the cnigm of the rectangular oo<»rdinate8 at the 
middle point on the month of tho bay, or-axis in the direction 

of lenfrtli, positive inwards, and y-axis upwards. Assume the 
vertical displacement y inside the bay to be given by 

If we neglect the verUcal acceleration, wo have 

3c 



3aj * 



where ^ is the horizontal displacement of tho lipuid element ; 
thus 

21 nx Inl 
E —a—.- cos COS " ■■ 

and ^=~a-^eo^-^sm-^ . 

If 6 be the breadth of tho bay, the kinetic and the potential 
energy inside the bay are rc»spectivoly given by 

and -^?*//9W*=^^««?-^. 
Assume the kinetic energy outside the bay to be 
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whwe IB the value of ? at x—o, and F is of the dimension 
of a number. Neglocting the potential onergy outaide the bay, 
which IS very small* -we have 

yi^ an? — ^ «»' -5r+ — JSj -^r- J 

the relation is to bo M^dafied for all valoes of L 

T 

Pattmg i=:0 and also i^^-^* wo get 

and Mfe+Ji£^=«oDrt.=-^. 
ana ^ijj^ x — wuwh— ^ 

Hence ^jnJ^+u>JL) 



or 



Lord Rayleigh found tlie reaction of air upon a vibrating 
rectangular pii»ton, whose length y is very groat compared with 
its breadth 6, to be equal to tho addition of a mass 



whore r is Maseheroui's constant and 0.5772, and «=-:-, A being 
the wave length. If the reaction be uniform over the piston, 
we have for y=K 



Now, in a problem of long waves, wo usually neglect vor- 
tical accoleratioii and coudiiler the horizontal acceleration nearly 



uiyui^ed by Google 



60 



K. HUNDA, T. TEBADA, Y. VOSHIDA, AND D. ISIIANI. 



constant for diflbront depths. Vortical pianos, which arc parallol 

to wave ridges and fixcxl relative to wat<?r. niiko a to and 
fro motion t-iimilar to tho case of aerial vilii atimi. The irkIgs of 
uerial stationary waves cori"C*siK»nd to the l(K)p of tho water 
wave and viae versa,''' If we usu thu analogy for the expression 
of the kinetic energy, we have 

This relation seems to be sufficient for the estimation of the 
order of magnitude of the moutli eoiTectiou. It is to be rumai'kod 
that if we assume 



. kjrx 2;ri/ 
4 slu — cos — 



'21 



T 



the result is not altered. 

In the followhig table, tho mouth corrections are given in 
tenns of the ratio of tho breadth to the length the bay : — 

Here it is to be remarked that the 





CorrcrttH'I IV-rlo l 


LougUi 


Uncorrectetl Teriod 




1.340 




1.262 




1.218 




1.187 




1.163 




1.107 




1.064 



lx)coraes less, when tlie ratio of the 
breiidth to t!ie lengtli becomes 
greater tlinn unity, since in such 
a bay, the nonnniformily of hori- 
zontal displacement for each 
transverse section becomes too 
great. 



iP) Irregularly shaiK-d bay. 

The problem ctf finding the period of oscillation in an im^- 



*) See LKUb, BydnodjavaiieK. M U. ( 1M>. 
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iilarly shaped bay is also i('ilii( il)U' tu that of Hoiches in an 
itregidarly shaped lake. rrofeiisor Clirystal'^' in liis hydrody- 
nainical thoory of seiches, worked out this problem in a most 
elegant manner; he compared the oscillation of an irregularly 
shaped lake with vibration of a string with variable linear 
density, and gave a minute discassion on a number of special 
cases. 

When the shape of a lake does not much diflfer from a 
rectangular tank, the following method of calculating tlic ix>riod 
may be of some practical importance. In accordance with the 
alxjve su{)[)(witiuii, we may assume that the normal velocity at 
any section ^' i.-, constant over it, and that tlu^ clcviition of llio 
free surface is the same aiung the entire breadth corresponding 
to the section S. The vertical acceleration is neglected in com- 
parison with the horizontal. 

Take the origin of rectangular oo-ordinates at <me end of 
the lake, j;-axis being in the dhection of the length. I> b 
have the same meaning as before. Then the kinetic and tiie 
potential energy are respectively given by 

KB. =1 Jp8k^ and P.E. = 1 J gbp^ 

where S is the sectional area. 

Agsdn, from the equation of continuity, we have, putting 




henco K.E. - ^pj-^dx and '^'^^^jji^^')^' 



•) Prof. ChrjHtal. Tnmii. Itoy. Soo. E<lin. ToL ZLI»p^ 688. 1806. Fkof. Cbtjatiil md £. 
MMlagsn-Wedderbarn, do, p. 823, 1905. 
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If we assume for X an expression of the same form as 
would bo uIjtaiiK d, il' ^ were coimtaul, the length being sti'aight 
or curved, that is 







or 




then 




and 




henoo 


1 fit ■m—m hnr • I* 







where the snmmation under the sign ^2 omBt bo taken tach 
that 

»"Since ai*c approximately luniiKil co-nnliuak'S, the quan- 
titi^ under the sign. 2^ Bmoll, 60 that for simplicity's 
Bake, wo may write 
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where At+^J^ s^pj^ ein^ dx , 

C.+aC. = icon* ^Ji. (fx. 

Henod, wo get* 



or denoting the period of the fcth harmonic by Tt, 

Jo I 

Putting ,S'=.S,-J.S' and 6=Ai)+^*. and neglecting the squares and 
the products of and Ji, wo get 



4?' I 



. 1 iff'j; j_ 
81 ir — - — rtx 



— cos* -dx 

J V -'11 ~ , ti ^ 



where kt=^* if the inicgration be effbcted between the limits 0 

and (, wo get 

where A^^, v»^lS^, 

JA^Jjbdx, Jv=jjSdx. 

The above expression can also be transformed uxio u simpler 
form : 
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n = (r.,lx4/(^-^^c«i^^..l (4, 

by taking r, and Ao such that d» and M vanisb, and potting 

By iiiet'lianicai integration, wo can cnisily evuhiate tho values 
^JdbcM^dx and ^jjSiSM^dae, 

and thnfi anive at an ozpresBion reprosenting the change of 
period dno to a slight variation in tho area and volume of 
the oscillating liquid. The expression shows that any con- 
traction or expansion at tho middle part of the lake prolongs 

or s]iort^>na its natural pei-iod respoclivoly. and that, a con- 
traiition or expansion at the end portion shortens or prolongs 
it respectively. 

To apply the above expression to the case of a bay, wo 
need only to consider a lake whose shape is symmetrical with 
respect to the v^cal plane through the mouth line, and to 
find the period of the seiches in tho lake. This period, if it 
be corrected for the mouth, is the required period of the 
osdllation of the bay water. 

(e) Dumb'bell-shaped liay. 

The above assumption does not hold for the case, when a 
portion of the lake is very much contracted. In such case, 
however, wo may treat the problem in quite a different way. 

When two basins communicate with each other by a narrow 
canal, the irmvest mode of oscillatiua takes plnco such that 
the levels ol" ihe two basins rise nnd fall resijeclivcly. If the . 
breadth of tho canal is very narrow compared with the two 
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duueosiona of the basins, we may assnmo that the rise and faSi 
of the level is uniform fbr eaoh basin, and that in the canal 
liie level is invaluable, the motion of the water being chiefly 
horizontal. Then, denoting the areas of the hasins by jS and 
% S', the breadth, the depth and the length of the canal by 

b, h and / respectively, the displacement of water in the canal 
along its length by ^, and the vertical displacement of the 
snrtieMse of S and iS' by ^ and 9 respectively, the kinetic and 
potential energies are given by 

Again, the odrrection to the kinetic onerg}- on each end of the 
canal is nearly 

in which i is the wave length, if the basins are infinitely 
wide, and may bo considered nearly eqnal to four times the 
length of the basin in the direction of oscillation. 

Since 8^=^-8'^}' and Sr^=bii^, 

we obtain, in the nsnal manner, for the period of oscillation 

: '■'■Jn^i'^i-'-'-m] » 

In order to test the validity of the result several tanks 
were made of zinc plates, two circular basins communicating 
with each other by a canal of uniform rectangidar section. 
These were filled with water to a suitable depth and set into 
oscillation ; the results of experiment were foond to agree well 
with the above theory. 
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Special mtorost Is attached to the case, when one of the 
basmB beoomGa infinite^ largo ; the problem ia then reduced to 
the case of a bay commanicating with open sea by a narrow 
neck. Taking Jt=;t's4^ where L is the length of the bay 
measured along the probable direction of propagation of waves, 
we obtain from the al)Ovc equation, 



Another simple case froqncntly met with is that of a 

(lumb-hoU sha]^o(l bay communicalint; with an external wide 
sea by u uuiiow mouth or ne<'k at the end of one basin. 
Using the same nobitions an l)ofore, ayc get 



■^'hore }^ ?. and i' may be put eqnal fo momi loni^ths of the two 
hmmn for the fust approximation. J^iucc S^=UiS—b'h'i' and 
S'^'=bfh'S't wo get 






and 




and 




whore 
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wUeuco the equation o£ motiou are at once written down; 



A' X-X* 

X /X'-x X 



EUminaiing X, and patting JTs^w wo havo 
If we put S'=imSt c'=nc, thon 

J^'-r^-yT-l^* (7) 



wlience the* value oi" 'J' can ])e obtaincil. Ifm = « = l, (|» = 3±i/5. 

Tho case, in which both ends of the dumb-bell shaped 
bey^ open to the sea, can also be treated in a sinnilar manner. 

§ 7. THE METHOD AND THE RESULT OF 
CALCULATION FOR THE PERIOD OF OSCILLATION. 

In the calculation of the period of oscillation in a bay by 
the simplest formula, it is necessary to evaluate the length 
and the mean depth of the bay from the charts ; the charts 

used "were those publislifKl by tho llydrographical Section of tho 
Naval Department. As the mean depth, we took the ratio of 
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the total volume of the water in a bay to the area of the sur- 
face. Tho length of the bay was measured along a median 
Uae drawn parallel to what was oousiderod to bo (he main 
stream line. 

To find the mean depth of a bay, -we began with drawing 
contours on the chart in which the depths at a number of 
points in the bay referred to low water springs are given. After 
drawing as many contours as the case roqunes, we measnre by 

a planimeter areas bounded by successive pairs of contours. 
These areas iiiultipliod by the corresponding depths, increased 
if necessary, by the half range, give the jjartial voluincs of 
water. Dividing tho sum of these partial volumes by the urea 
of tho f K 0 surface, we got the mean depth. 

Wo calculated by formola (1) the period for aU observed 
bays* and also for those not yet observed, which seem to 
have the forms specially favonrafale for osoiJlatiott. For several 
typical bays, we also calculated the correction due to the change 
of the section as well as that due to tho mouthy and compared 
tho corrected values with the observed. The calculation was 
carried out in the following way. 

(a) Bay of Aomori. 

According to our investigation, tiie liay of Aomori oscillates 
in two iHni retit modes, that is, the lateral and the longitudinal 
oscillation with the periods 103" and 205" respectively. Con- 
sidering tho bay as a rectangular tank, whose length is 55.3 
km. and whose mean depth is 36,5 m., we get OT.o** as the period 
of tho OBciUation, 

In order to obtain tho correction due to the variation of the 
section, we draw on tlie chart several lines at suitable positions 
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normal to Uic liiie of the length, and thon taking the length as 
abscisaa and plotting oorreaponding breadth as ordinates, ve 
get a breadth-diagram. Draw mean breadth line, at a distance 
eqnal to the whole snr&ce of the hay divided by the length. 
Taking now this line as the new axis of co-ordinates, wo can 

easily draw the diagram fur JL mm-^^-^; whenco by mechauical 

integration, we get 0,118 as the vtitae of — j ^bco&—~^dx. Pro- 
ceeding in a similar way for the sectional area, the TSlne of 

~ I JS vm-Z-j^dx is found to be 0.062. Applying these values 



of corrections to 97.5", we finally get 106"* as the period of the 
lateral oscillation of the bay, in good accordance with the ob- 
served value 103". In this case, the correction due to the month 
is of course nnneoessary. 

As for the longer period, the calculation of the period as a 
rectiingnlar bay gives 213'"; the correct ion due to the variation 
of the section, as calculated in the manner above describctl, is 
24.8'". The correction due to the mouth is 46.5", so that tlic 
corrected value for the period of longitudinal oscillation is SSi*", 
which Jbirly accords with the observed value; 

(b) Bay of Ofunuto. 

The simple calculation of the period of fundamental oseil* 
lation on the assumption that the bay is a reciangalar tank, 
whose depth is 10.0 m. and whose length is 8.1 km., gives 80.5". 
The corrections dne to the variation of the section and dno to 
mouth arc respectively -10.7" and 4*8.6'* ; the corrected value is 
therefore 36.4". In this case, the correction of the section and 
thnt of the mouth liavo opposite 8ign«, the former a little over- 
weighing the latter. 
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(c) Bay o£ Tbui'uga. 

If tho bay is coDsidercd as a rixstangular bay, whose depth 
is 28.5 m. and ^hoso length is 13.1 km., tho period of osoO* 
lation is calcniated to be CCO"; tho corrections duo to the 
sodaon and to the mouth aro respectively -16.8* and +16.8". 

Tho corrected value is therefore GD.O'" iu a i'air accordauce 
with the observed period. 

The last two are gowi examples showing that the correction 
duo to tho sectiuu and that duo to the mouth, ncarlv cancel 
with each other. Similar remarlcs ai>ply for many other bays. 

When the month of a bay is decidedly contracted, the 
simplest formula completely fails to give the period of oscilla- 
tion, in which case formula (G) is to be used. We give here 
two escamples of calculation by formula (0) or (7) and show how 
the results of calculation accord with the observed values. 

(a) Bay of Aomori. 

This bay may also be taken as an example of double-bays 
discussed in p. CO. lleferring to the annexed figmt} which 

shows the general outline of the l)ay, tho shaded portions wore 
considered as necks connecting external sea and two basins S 
and S'. Necessaiy data for the calcuUtion of periods, estimated 
from the chart arc as follows : — 



whence for two ^'alucs of ^ we obtained 5.25 and 0.49, and for 
tho two periods 100" and 325" iu fiiir accordanco with the ob- 
served values. 




1:3.5 km. 6' = 13.7 km. 

/ =19.0 km. l'= 5.3 km. ;i=120km. 

A =54.8 m. /t'=41.5m. 

5=4.75 X 10* km.» 5*= 0.4x10* km.* 
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It is iateresfcing to observe that tho fomola, which is 
dorivod from a qnito different consideration as compared with 
the nsnal view, wiil give fairly oonccnidant valnos. 

(b) Bay of daaka. 

The Bay of 6saka which is almost smroondod by land, 
commnmoatii^ with e3i:tGnial sea by two narrow nocks, Aloughi- 

seto and Yurasetu, may be tiikcn as an example of thoso bays 
disciissod in p. 04. For the ro<^ulbint conduct ivity of necks, tho 
sum of separate conductivities was duly taken. Data for tho 
calculation of the period estimated from tho chart are as 
follows: 

Akashiseto: b^ss 3.9 km. 

6.2 km. 
^=41. m. 
Ynraaeto: 5.0 km. 

j;=r 1.2 km. 
/^j— 27. m. 
S- 1 .47 X 10' km'., ; = 1 50 km., 
whence from (G) r=270'", wliich faiily accords with the largest 
period observed. 

In the followhig tables, the mean depth, tho length and the 
period calculated by formula (1) arc given in tlio 4tb, tho 6th 
and the 6th colnmns rcspoctively ; in some bays, the periods 
corrected for the variation of the section and for the mouth are 
given witli tlio figures underlined. The observed periods, which 
would possibly correspond to the calculated values, are given 
in the last column. The letter S place<l after some calculated 
riuds indicates that the periods foHowed by #S' are tho.sc for 
the bitcml or seiches oscillation in the bays. 
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Coast of Hokkaido. 



Top. 


Bay 


PfOTinoe 


Dspfeh 


Lengtli|calo.Foriodl 


Obs. Period 


1 


Otara 


Shiribeahi 


9.1m 


2.4 km 


17.3'" 


13.8'"-16.5'- 


9 


Nraiino 


HemiixD 




4.3 


a86 


9.0 


10.9 


V 


■ HuLLUsUjwI 






7 


1.41 


10.9 




4 


Bokkiriso 


» 




6.6 


1.7 


16.2 




5 


* 






8.5 


6.6 


4&2 


49.6 


G 


Akkeshi 


*i 




10.6 


13.0 


67.2 




7 


Manaran 


Ifaoii 




8.1 


6.6 


48.9 


61.1-6^0 


8 


Hftkodata 






10.7 

» 


9.3 

9.1 


46.8 

23.G S. 


45.6-57.6 

21.9-24.5 


Japan Sea Coast of Honshra. 


Top. 
Na 






Doptli 


Length 


Calo. Period 


Oba. Pexiod 


9 


AovnoR 


Mnten 




38.8 m 
36.5 


62.4 km 
66.3 


213r 284"' 
97.6, 106 fl 


295." 
103. 


10 


Tdbwn 


Sado 




136. 


10.9 


90.1 




11 


Futarai 


ti 




IC.G 


8.4 


44.0 




12 


Foshiki 


Etohm 




662. 


G3.4 


62.7 


641 


18 


Tsarnga 


Eehiaan 




28.5 


16.1 


60.0, 59.0 


66.7-62.9-67.7 


14 


Miynzu 


Tango 




15.5 


9.9 


53.4 




15 


Toooara 1 


Iwami 




11,6 


LS 


11.1 


11.9-12.9 



I 
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Paciftc Coast of Ilonshiu. 



Top. 

ISO. 


Bay 


j Province 


Depth 

* 


1 

Length Calc. Period 

i 


Obs. Period 


111 


1 


Rikuckiu 




'22.0m 


innvm 
LO 


1 454» 
1 21i) 8 


— 

2i.;i"-22.n 


U 


Odsuchi 


»» 


29.9 


ZJi 


30.7 


2L0 


IS. 


Jtvvoisni 


>i 




aaj. 


L2 

HA 


2L3 

20.0 


22.8 
'20, ^ 


10 
lit 


KAiuaishi 


>• 


( 
i 


40.8 


lA 
M 


2LS 


21^-2fiil 


20 


Kojirohama 


Kikuzen 


25^ 


fij 






21 


Yoshihama 


t> 






2L1 


18 ■'1-201 


22 


Okirai 






LO 


2QA 


27.5 - 29.9 


23 


RjAri 


» 


25.9 


iA 


18.4 


18 3 


21 


Ofunato 


u 


10.0 


8J 


39.5, 3fiJ: 


39J} - 39.1 


2il 


Niiynma 


u 


118 


L2 


L5 


0.4- Lfi 


2a 


Ayukawa 


» 


m 


L5 


a^ 


fi.8- 8^ 


2Z 


Katsnura 


Kazusa 




La 


L3.4 


— 


2a 


Tatejama 


Awa 


49>t 




2QJi 


— 


23 


Tokyo 


MusAsht 


52J: 


Z5Ji 


222. 


— 




Moroiao 


Sn^mi 


2-05 


LI 


UA 


13.8-150 


ai 


Sagami 


>» 




12^ 


iiLa 




22 


Shimoda 


Izu 




22^ 


3Ji 
2A 


15.9 


iM-ia^ 


22 


Merakoura 


ft 


12.7 


LI 








Tago 


>f 


18.8 


LQ 


4J 






Heda 


I' 


24^ 


L4 






M 


Saniga 


Surnga 




r.0.4 


54.5 




2Z 


SLimizu 


•» 


IM 




2L2 




as 

i 


Lse ftiul Mi- ' 
kawa S0.1 


Ise Hud 
Mikawa 




18 4 
18.4 
9^ 


73.0(a) 
ILL (ft}' 
3L4(c) 


3fi3. 
278. S 

217, 1 

1 


390. 
208, 



i 
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Pacilic Coast of Ilonsliiu {Continued}. 



Top. 

No 


Bay 


Proviuce 


Deptli 


TjBngth jcftlo. PerioJ 


Obs. Periocl 


otk 
99 


loM 




18.2 m 


0.5kin 


11.4- 




40 


Kukivn 




ao.9 


3.0 


14wl 




41 


XoahiiDflto 


■ 1 


16.4 
6.0 


3.4 
1.3 


las 

12.8 


16.6- -lae* 

11.6 -18.0 


43 


Adaahlka 




16.4 


2.7 


140 














270* 


260.-310. 


43 




SettHo, Imimi j 
Had Awiji j 


27.0 


6L0 


126 B 


106.-160. 






1* 


ix6l.0 


63 S 


61.- 66. 


■44 


SBradhifttA 


Aki 


15.0 


11.2 


61.6 


60.0 




* The period wai 


calculated hj lonaala (G] 


as d jscribc<l iu p. 71. 










Shikoku. 






Top. 

No 


Bay 


Proviuca 


Depth 


1 

Tjongth Call-. I'eiioJ Obs. i'tjiiod 

1 1 


45 


Snaaki 


Tow 


17.9m 


7.8km 


89.1- 


39.9'^41.6- 




Komi 


M 


17.2 


(5.2 


16.081 


17.6-18.2 




Ktue 


«t 


13.2 


. 2.8 


17.0 


16.0-16.3 


46 


Bhimizu 


- 1 


7.2 
•f 


2.9 

ix2.9 


22.6 
7.6 




47 


Oknoiii 




29.C 


4.5 


17.8 




48 


Uwajina 


*» 


m 


1G.7 


49.8 




49 


SliiUma 


*» 


35.0 


3.1 


11.0 




60 


Tawataliaina 


n 


30.9 


4.fi 


17.6 




61 


Amu 


n 


24.() 


3.3 


14.2 




62 


neda 


SiddasUma 


9.8 


r).r. 


37.8 




63 


XJoliinoitml 




11.2 


7.0 


42.9 




64 




Samxki 


8.4 


15.2 1 46.7 





t Tbn MicbM between OtADi »i>d Atnw 
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Top. 






Depth 


T ■ k% 




Odb. Feriod 


Na 




5o 






•12.8m 


21.8km 


71.1" 




66 




" 1 


11.7 

n 


3.0 
ix3.0 


19.0 
6.3 


17.8'"-20.3™ 
6.6- 8.7 


57 


Yonozn 




23.3 


4.1 


18.2 




58 


AbnratSQ 


» 


8.0 


2.0 


15.1 


15.0-19.0 


69 


Kiygrwhiinft 


Satooina 


103. 


51.0 


107. 




eo 


Nagasaki 


Bisien | 


18.7 
15.3 


7.7 
8.3 


37.5 
22.6 S 


34.5 - 37.6 

22.6 - 25.2 


61 




- 1 


16.1 

» 


13.r, 
19.7 


71.0 
51.8 S 




62 


Sliishimi 


Tbuahima 


13.7 


1.5 


8.8 




63 






11.1 


1.9 


12.1 




Bonin Island and Formoaa. 


^p. 
No. 


Say 




BepCh 


Length 


CUaFaiiod 


OIjs. P«iiod 


64 


Futemi 




23.0in 




13.6* 


16.0»-20.(P' 


65 


Keluug 


Tftiwau 


10.4 


3.9 


25.8 


25.3 - 29,6 



China and Korea. 



Top. 
No. 



Bay 



(>(J I I'nsan 



67 
68 



Oiuiliautiu 
Weihaiirai 



Country 



Koroji 



Depth 



Length CUcFeriocU Obs. Feriod 



10.7m 


5.9km 


38.4™ 


9.9 


3.6 


30.7 


8.7 


7.4 


53.3 




9.9 


33.8 S 



'eriodi' 
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It -m}! he seen from ihe above table that in most cases, 
the period calculated by the simplest formula (1), that is. 



agrees fiurly well with those actually observed. Thus for many 
cases, the corrections due to the month and the variation of the 

section seem to be supci-fluous. Tliis probably arises from flio 
fact that in Txiany bays, the comi ticin due to the stctiou nearly 
cancels the mouth correction. For many bays have the form 
gradually contracting and the depth decreasing, as we approach 
towards the end, so that the cotiectioii due to the vaiiation of 
the section is negative. The month correction being always 
positive, the two corrections usually tend to annnl each other. 
As exemplified in the cases of 6fonato and Tsnraga, the total 
correction nearly vauishcri i'or uuiiiy bays, and then results an 
apparent vaUdity of tlie simplest fuimula. If the mouth of a 
bay bo contracted and the depth ho 5<halIo\ver than in the in- 
side, the correction due to the section is positive, so that the 
calculated value by the simplest formula decidedly fiiUa short of 
the observed vahto, and can only bo brought into colncidenoe 
by taking Hie two corrections into consideration ; a good example 
of this is furnished in the case of the Bay of Aomori. That 
tho calciilafed periods for the bays of Moroiuu and Okirai wliich 
have rather narrow mouths, are a little less than the observed 
values, is also explained on the same view. 

§ 8. SEA WAVES AND SECONDARY UNDULATIONS. 

As we have already remarked, Trr fessor F. Omori found 
that the periods of sea waves obsen ed in a bay are the same 
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as tliofle of the usaal secondary trndnlatdon. He explained tho 
phenomenon by supposing that a hay or a eertarn portion of 

sea oscillutes like a fluid pendulum with its own proper period, 
when it is excited by an t^rthquake or any other disturbing causes. 

We have also investigated the periods of tiie sea waves for 
different bays and found that the above relation is generally 
well satasfied, espeeiaUy in the sea waves of distant origin. As 
we shall see soon below, the period of a sea wave m a hay is, 
in most cases, given by the fomnila 




It is then very probable that in sucli cases, tho sea waves are 
of a similar nature to the secondary undulations. Now the sea 
waves are probably of snoh a complex nfktuie as to be reij^- 
sented by the snm of a series of long waves of different periods 
and amplttades. If a group of these waves proceeds towards a 
bay» the bay takes np and resonates to the undulation, whose 
period approximately coincides with tlial jjivon by the above 
relation. 

This consideration chiefly applies to the sea waves of dis- 
tant origin. If however its origin is not very far from a bay 
or an open coast, progressive waves of long wave length, irre- 
spectively of their period, are sufficient to cause a disastrous 
^bot on the coast ; for by Gfreen*s law of amplitudes long waves 
considerably increase their amplitudes as they approach a 
shallow tshore. Thus in actual destructive sea waves, we almost 
always have reports of high wave fronts approaching towards 
tiie shore, indicating' that the waves aro of tho progressive 
natitie, but not of the stationary character. For the sea waves 
of 1896» on the coasts of Sanriku, lliere are instances which 
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seem to indicate that the periods of the sea waves did not 
ooincide vrith those observed in ordinary cases. 

In the investigation of the nature of sea waves, the tide- 
gauge is the only instroraent available at present; bntfor this 

piapuSL', it is necessary to set up tlio instrimicnt on an open 
cottst, or bettor on a snudl isolated island, and not in a bay, 
where the waves are much modified by the osciUation proper 
thereto. 

In tho following pages, discusalons regarding to several sea 
waves in the light of our present investigation will be given. 
(a) Sea waves of Ansei, 1864. 

The destructive sea waves of 1854, which accunipanied the 
<^Tvat earthquake of Ansei, devastated tho great part ol' our 
Paeitic coast, and were felt by the tide-gauges at San Francisco 
and Ittego. 

On December S3, at 9" IS" a.m.» a strong shock was felt at 
Shimoda in Izn ; at lO*", it was followed by a large wave 9 m. in 
height. The rising and falling of the water oontintted several 
hours ; in all, there were six large waves, the period of which 
seems to have been IG^-iiO™, if we judge from the descriptions 
by a sufferer. The i>eriod is the same as that usually obsened 
in the bay. A Busaian man-of ^war then at anchor, was de- 
stroyed by the waves. 

At Tanabe in Kii. 8e\*cn or eight waves were observed from 
the morning to the evening ; at Nagashima in the same province, 
the first wave was the higliest, after which two weak waves 
were counted. At Toba in Shiiiia, ilie first and fouith waves 
are s>iid to have been (ho ]nirh< st. An iiregidarity of tides was 
also observed in Tosa ; at KOchi, tlucc cbb-and-flows were counted 
from 9''a.m. to 2''p.nL 
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On the 24th, similar waves visited the P&cifie coast from 
Tosa to Isa. 

On the 23rd-34th, a regular train of sea waves was recorded 

on the tide-gaiigo;^ at Sau Frauciseo and Sail Diego (PI. XLIX, 
Fig. 1). The avcra^L,^' jitM'ioil of oscillation at San Francisco was 
34.9"', Avhilst tliat at San Diego was 34.7"". The ^vave took 12* 
12" and 12" dl"" to arrive at San Francisco and San Diego 
respectively. 

Now, the Bay of Sau Francisco, as we have shown by the 
modol, can be pnt in the oadUation between Sansalito and 
West Berkeley sides by waves incident on Gtelden Chite. The 

period 31.9™ fulls a little short of the period of the biuodal 
oscillation of tlie bay. 

The Bay of San Diego is too long to bo put in its uainodal 
longitodinal oscillati<ai ; the oontraotion of the bay near San 
Diego also prevents the fundamental oscillation. The oscillation 
between Quarantine wharf and San Diego, which also forms a 
part -of a ttinodal oscillation of the whole basin, gives the period 
of 34.5"". In this calculation, the depth was estimated from the 
available charts to be 3.5 lu., while its length was taken as 
6.07 km. 

If the path, by which sea waves tmvelled from Japan to 
America across the Pacific, be known, the velocity of propaga- 
tion can be estimated. Now the sea wave, which has usnally 
a laige wave length compared with the depth of the ocean, must 
be refracted according to the condition of the bottom, so that it 
is very difllcult to know the path by which the sea wave 
actually travelled through the ocean. Wu thuiefoic conceived 
several paths between the origin of tlio wave to the observed 
station in question, of which we measured lengths, and also 
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mean depth by meohanioal integration.* The vdooitieB of pro- 
pagation of the long waves along these paths were then oal- 
ctdated from the depths. The time of transmission of the -wave 
along these paths was compared, and the path d the Tninimnm 

time was taken to coiTcsfKJiid to tho actual path. From the 
path thus foiin(l iuv] the actual time of traiismisMun, we found 
the mean velocity of propagation of the sea wave, as given in 
the following table. As tho time of ooeurrenoe of the sea wave 
in its origb, we took (be time of the eaithqnake. 



Stfttioii 


Diatanoe 


Maaa Depth 


1/^ 


rirad Litarval 




Sun FraaoiMo 




6.60 kill* 






186 ^ 


San Diego 


9,000 


M 




12.82 


198 



Hitherto it has been onstomaiy to msasoie the path along 
the great circle of the earth ; but the actual distribation of the 
depth being complicated, this is not a proper method. 

The value ^gH of the fourth column in the above table 
represents the theoretical velocity of a long wave. Strictly 
speaking, tko mean velocity shonld be deduced from the dis- 
tance $ along the path and the time interval tf given by 



•> Tba dMOi pnbSdMil by "Deataehni SMwarte," 18M^ xm mui. Oam of Am MUkoM 

cTalnfttcd tLo mean clopths Ly I!iT)<lmun' riiyfiikiilischen AtlM KtA obtoiMfi WoMuMf 
Uofifi Taliws (Prac Tokyo Motb.-rbya. Soo. 3, p. 1G5.)> 

t) a DuTtaOD, VkO. Mag. so. p. B79, IMO; H. Napwte. PiM. Tfikytt lIiiiIi.-ntYi, Sos^ 
p. 196, v.m. 

In ilodncing Um above foimaln, no aoconnt is taken of tba corralara ottiia eaitb; 
iC Ifaia it lakan into uooami, tbogonetal ((ndancyiRtondQMtlkaTtlooUy fiom iUt ifinn 
by i/^. Ot oonne Saen fa imm dspaodeiiM on fba «»t* lengtli and fha omflgiiMtian 
oCtlwan. 
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where d» is fhe dememtary distanoe, and h the deg^ at tbe 
pdnt under oOMideration. It was therefore recalenlated hj the 

above relation; but we did not find the increase of its value 
more than 1 per ceat. In the other sea waves, the diffrToncP 
did not exceed the same limit. At any rate, the calcuiutcd 
velocity is considerably greater than the actual value; thi.^ point 
has lieem noticed by several earlier writers, such as Milne* W. 
J. H. Wharton, K Getnits, C. Davison, etc. 

(lb) Sea waves of South America, 1868 and 1877. 

At about 5** p.m. on August 13, 1868, a destructive sea 
wave, which followed a severe shock, swept away many cities 
on the coast of South America. It onVinated Ix twcen IfjUiquo 
and Arica, and was felt at different coasts of tlio Pacific. 

In Nortlicrn America, it markedly disturbed the tide-gauges 
at Astoria, San Francisco and San Diego (PI. L).* The time of 
arrival in local time (S^W.) and the periods observed are given 
in the following table : — 



station 


lieginning 


Period 


Astoria 


8" 32™ a.m. 


24.0"'. 


27.6'". 


36.3'° 


San Fmnoifloo 




i9.a- 


86.4- 


41.2" 


San Diego 


1" 17"" n.m. 


31.0™ 


35.1™. 


46.8"' 



Here it is to l)e notice<l that the observed periods did not 
remain constant, but varied within a certain range, the periods 



•) Dr. Tittmnnn pr<'s* nfotl to Fmfes'i'T F. Omori nl liis rrrjiipst sfvcrnl vnhiriVilc r( cunls 
ooQoorniag ua wives. Tbo cniTes in PI. L are thoso leclaced hj a pantcgmph from tbo 
iMQids. Periods ghwa In tbe abotv teUa wm obtalnid Cfom tiie mow iMOtifls. Ilia «iiin« 
nauaki ako apply to aas wtntm of I^n^tM. « 
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in the abovo iablo being ihc mean Yalaes of eevofal OBciUalions 
in oompatativety regular ixatns and thQrefore- the period of 
single nndnlation may differ from the mean by a few minutes. 

At San Francisco, tlic waves of about 41" appeared most fre- 
(jiiciitly, tliougli tlic ixjriod '.I't"^' uf Shimoda wave also manifested 
itself. By referring to the result of experiment with mo^lels, 
it may be note<l tliat those periods jwobably correspond to the 
higher modes of oscillation of the bay. At San DiegP> the 

* 

period 31"*- 36" appeared most conspionously, which probably 
corresponds to trinodal seiches of the bay. It is a characteristic 
feature of this sea wave that at those stations, the initial waves 

arc not conspicuous and their amplitudes gmdually increase. 

The mean velocity of propagation of the wave from South 
America to Astoria, San Francisco or San Diego can be cal- 
culated, if the path through which the wave actually travelled 
be known ; bat this is not an easy matter, the condition of the 
bottom along the coast line of America bdng complex. 

In Japan, the wave was observed at Hakodate by Captain 
T. Blakiston, who wrote the following passage to Professor 
Milne : — 

"On August 15, at 10''30™ a.m., a series of bores or tidal 
waves commenced, and lasted until S' p.m. Tn U^n minutes, 
there was a difference in the sea level of 10 ioet, the wntor 
rising above high water and falling below low water mark with 
greater rapidity.*' 

Now the periods of the ordinary conspicuous undulation in 
the Bay of Hakodate are 45"-57" and 22"-24". In the case of 
sea waves, the latter jx^riod always appears superposed on the 
former. According to the report of tlie caj>tain. half the jx'i iod 
of the present sea wave is 10*"; alk>wing errors of 1 or 2 minutes 
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of obBOnration, it is probable that the wave corresponds to the 
oscOIation proper to the bay with tho shorter period, probably 
superposed on the longer jx^riod. The wave took 24^ 67" to 

arrive at Hakodate uciuss the racilic. 

As in tlio formor <!aso, we calculated the mean velocity of 
the sea wave with tho result given in the following table : — 



Station 


Distuicd 


MeanDeptii 




Tlmelntarral 


Tdodby 




IC.GOOkm. 


4.78 km. 


S-14 ^ 


949^ 


185 



Thus the mean wlocity uf the sea wave fairly coincides 
with that between Sliimodu and San Francisco; it is decidedly 
less than the value of x/yJi 

The terrible earthquake of Iquiquo on May 9, 1877, also 
caused dostraotivo sea waves, whieh wero £elt across the basin 
of the whole Pacific, from New Zealand in the south to 
Japan and Kamsehatka in the north. In Japan, the waves 
were obsmed at Hakodate, Kamaishi and the coast of 
Ka/.usa. 

Tlie eartlitiuakc uri^iiiated at 8" 20"' p.m. on tho 9th, and 
the consequent sea waves broke on the shore of Iquique 30"' 
afterwards witii disastrous eflbct. At 0"2r' a.m. on the 10th, 
a groap of soa waves suddenly invaded tho bay of San Fran* 
ci8C3 (FI. XLIX, Fig. 2) and put the bay water into oscillation ; 
the OBciUation seems to have been renewed at 2" 60" p.m. by 
another group of incident waves. The oBoillations continned 
over J whole days ; their [Msriods ui u.scillution in comparatively 
regular trains were 17.3"', 27.8", IM.a'" and 17.4"'. TIk; mo.st 
oonspicuious periods wore M,'6"' and its octavo 17.3", the former 
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falling near tho poriod of the biuodal oscdllatioE between Saa* 
salito and West Berkeley sides. 

In Japan, at 11^ 80" a.m. on tbo llth (in our tune), the sea 

at Hakodate was observcil to rapidly K tire, and tlitii to riso in 
level to about 2 m.; the rising and falling' of the level lasted tlie 
whole afternoon with a period of about 20"". Between S'^O" 
and 2" 35"' p.m., the oscillation was renewed witti the largest 
amplitude of 2.4 m. Admitting errors of observation of a few 
minutes, the oscQlation possibly corresponds to the osciUatioDS 
proper to the bay. 

The tide in the bay of Eamaishi began to oscillate between 
0'' and 10'' a.m. of the same day, and the ami'Iitudu of oscil- 
lation gradually diminished. At 0'' and 2''p.m., the phenoiiienon 
was renewed ; and until ">" or 6" p.m., the bay was observed to 
oscillate with an amplitude of 3 ra. and with period of 5*". At 
midnight, the sea was completely cahn. Comparing the waves 
vnth those in the Bay of Hakodate, we notice that the first 
wave was not observed in the latter bay. 

At noon of the same day, largo waves invaded the open 
coast of Ivuzusu, but the sea soon became calm. At 4" p.m., 
still larger waves devastated tlio same coast, causing the loss 
of many lives. These two waves possibly correspond to the 
waves which visited the bays of Hakodate and Kamaishi a 
little earlier. 

The calculation of the velocity of propagation of these 
vra^ves gave the foUowing results : — 



Digitized by Google 



SBOONDABT UNDCLAHOMS ok OOEAMIO TIDflB. 86 





I>u)tanoe 


Menu Depth 




Time 


Vekxsafcy 




16,600km. 


4.78 km. 




25.00' 


186 ^ 




$$ 


480 


216 


22.92 


201 




f • 


»• 




25.25 


lfs3 



Thus, tlio velocities in the tirst and thiid itjws in. tho 
above table are decidedly leaa than the velocity in the second 
row; this discrepancy is probably dne to the fact that, the 
first wave was not observed at Hakodate and Kasosa probably 
on aoootint of its small amplitude. Here also tho value 
of i/~v/r is a little greater than the actual velocity. 

(c) Sea waves of the Kiakatoa eruptiuii, 1883. 

Great sea waves, caused by tho eruption of iviakutoa, 
August 27, 1883, swept over the entire area of the Indian 
ocean and forced their way as far as to the northern parts 
of tihe Atlantic and the Pacific, leaving Uak traces on the 
tide*gauges sitoated along their way, the records of which are 
reproduced in the Beport of the Boyal Sodefy of 1888» and 
described by Captain W. J. H. Wharton. Tliese records as 
well as numerous matters t)f inftninution from dill't runt quarters 
of the world, in which the Keport abounds, if reviewed under 
the light of the results of our present investigations, may be of 
some interest, inasmuch as the former reporter seems to have 
pat a little weight on tho secondary undulation peculiar to bays 
and estuaries. 

As to the cause of the ixtriods of tho great Krakatoa waves, 

few theories have been pioputied. Captain Wharton"'' attempted 

*) WiMatoa» Tlw MpottoC Um KsaktlOR «ni|licin, p. 97. 
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to oxplain the period of two hours by assnmuig tliat the soa 
bottom was upheaved for about an hour. According to Pro- 
foB8or H. Nagftoka»* tho earth is oontinuoosly vibrating ivith a 
period O?*" of ftindamental oscillation, and it is ilia vibration that 

actually dotormincxl the periods of tlie Krakatoa waves. Onr 
theory diflers from the above by not mmniiwj. the slow n\> and 
down motion of sea bottom. Now, uecoiding to the results of 
our obBurvatious, any portion of soa partly bound by land, is 
capable of ita own mode of stationary oscillation, which if pro- 
perly excited, may last for some time, after the cause d tho 
excitement has receded. In this respect, the Snnda Strait (Top. 
60) presents a higlily suggestive form by its boundary. The 
south-west end of the clmmiel opens widely into the Indian 
ocean, while the north oast end is narrow and shallow coni- 
miniicating to the Java Sea. Tho strait, as a whole, may be 
compared in its acoustical analogy with a conical o^xin pijK), 
provided that in the ease of the hydrodynamical problem, both 
ends are to bo considered as the nodes of the wave profile. The 
loop of the gravest mode of oscillation possible in soch a 
channel most lie nearly midway but somewhat nearer the nar* 
rower end. Hence the eruption of Krakatoa lying nearly at the 
loop of this oscillation wuuM be very lavuuruble to excit<^ tlie 
natural stationary oscillation t)£ tlio strait as a whole. The 
initial (listarbauce, would suou settle into a I'cgular oscillation 
natural to tlio system ; this again would bo |Hropa|^ted into tho 
external ocean as a train of regular waves, whoso period of 
oscillation is determined by that of the source. 

Taking the length of the strait as 160 km., and its mean 
' depth as 183ni. ( = 100 fathoms), wo obtiiin from our formula 

*i FtoL IL lii^kis £kh. Tdkyd M«tli. PJija. 800. 4. p. 9&, 1SU7 ; Mntnra, Uaj lU. VtOJ. 
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T=\26"\ wlneli was actually recorded in the tide-«5au«j;o of 
Batavia (PL XLIX, Fig. 3)*. Tliough the position of the node 
at the southwest end is not very determinate, the ambi^ty 
does not afibct the valne of the calculated period in any serious 
manner, because the bed to this end slopes down very steeply 
towaid the deep sea, so that if the virimal length of the strait 
1)0 assumed to Ix) a little longer or shorter, the moan depth of 
tlio oscillating basin becomes greater or less in a consi lcniMf 
proportion, so that the value of //i//t remains I'airly constant. 
The fact that at Anjer at the northwest mouth of the strait, 
the reported height of the waves was small, seems to stand in 
harmony' with our supposition that tho node lies near that place. 

Besides the mode of oscillation above described, a binodal 
oscillatiott between tho two sides of the strait, Java and Snmfttra 
sides, Tiiighi ix)ssibly be generated by tho oiuption of Krakaloa. 
whi(.'li lies at the loop of this mode of o^^eill)ltion. Tlie pciitxl 
of the oscillation is calculated to bo about <nie hour, which 
nearly coincides with tho periods recorded at many stations 
along tho Indian coast* In addition, tho higher modes of oscil- 
lation than tho above two with comparatively small amplitudes 
might possibly have boon in co-existence. 

Beyond the northeast end of the strait, the soa is shallow 
and abounds in irregularities of bed, which may scatter the 
waves prn{«ii;i;ite(l irom the end of the stnn't by f omplicated 
rellcxjtion and refraction. Besides, the sectional area of the 
northeast end of the strait is estimatod to be about vV that of 
the southwest end, so iliat the energy propagated from the 
former mouth must havo been a small fraction of that from the 

•) All tido-gpiag« ZMonla legudutg tho Krokutoa eroptioit wre (be reproductiua from tho 
Baport off the BotoI Sookty of LoudoiL 
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latter. These consiiierations probably account for the smalluess 
of \vav(^s propagated in the northeastern direction. 

The tide-gauge nearest Kiakatoa at the time of the eraption 
was that of Batavia. It beantifnlly reoorded two boor waves, 
bnt did not traee one hour ^ves. The absence of this latter 
period in Batavia nuses no serious objection against onr snp- 
position, because the nnrrow opening to the northeast of the 
strait, is very unfavdumlilo for the propagation of the energy of 
the lateral oscillation, as compared with that of the longitudinal. 

Thus the energy of the oscillations was, in its greater ])art, 
propagated into the Indian Ocean (PL LI) and strikingly affected 
the tide-gangOB bo fiir as the ports of Southern Afdea (PL IH, 
Fig. l<-2). Examining the records given in the above cited 
reports, we may generally distnigoiBh two types of waves, — 
one includes those types of waves propagated directly from Kra- 
katoa and the other the stationary oiscillation of bays or 
estuaries excited by the incident waves. Prominent undulations 
recorded along the coast of India belong to the former type. 
Oomparing the records at Madras and Viaagftpi^tnm or Nega- 
patum and Blair, tlie identity of waves may easily be 
recognised. We see also the trace of Visagapatum waves in 
the Negapatum record and vice versi. Most of these stations 
are not situated in eitlier bay or estuary possible of oscillation 
with such a long period. 

For remoter stations, we see generally that the disturbances 
are cliiefly due to the second type, i«e», to the proper oscillation 
excited 1^ the synchronizing components of the incident waves. 
Henoe for such bays, the periods of oscillation for Kralcatoa 
waves may be calculated from their dimensions, provided a good 
chart is at hand. Since, at present, wo are in want of reliable 
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ohart <m Buffident scales, we satisfy onraetveg by dedooing the 
mean depths of difbrent bays, quoted in the Kiakatoa Beport, 
from their period of osciUatioiiB and theSr lengths estimated 
from the eharts* available. The results of caloolation are as 

follows : — 

(1) Port EUzabeth, Cape Colony. P!. LH, Fig. 1. 

The nodo of the Algoa Bay was taken from Cape Koeoife 
to the ooast of Alexandria opposite to the Bird Island ; taking 
the length J s 25 km. and the period Tss7A\ we found the mean 
depth A to be 62 m. 

(2) Table Bay. do. PL LH, Fig. 2. 

The node was taken from Green Promontory to the coast 
opposite to Rabben Island ; taking Z=11.3 km. and 2'= 60". we 
get h=lG m. 

It will be noticed tliat the shape of the al>ove two bays is 
Tety similar to that of Hakodate, and also that the records of 
seoondaiy nndulations in these bays are, in their cbaraeter, quite 
similar to each other. 

(3) Fort Adelaide. Australia. PL LII. Fig. 3. 

The period of 150"" traceable in the record of Port Adelaide 
may be oxpkined, if wo Buppose it due to the oscillation 
between Port Adelaide and York Peninsula. In this case we 
obtain //= 21.5 m. which very noarl}'- coincides with the result of 
our estimation from the chart. Besides, a .period of about 200" 
is traeed. which is probably due to the oscillation of the 
vestigator Stcaitk with nodal lines at its two ends. The period 
cakmlated for the latter modes is 228"*. 

(4) Port Pliillip. ?1. Lll, Fig. 4. 



*) B«r]^nii' FhTstkaUsobe Atlna, Stietot's H«n«1 Atlas. Encyclopedia Biitaaiok ate. 
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The period of 8G" may be accounted for, if it be attdbufced 
to the binodal aeiohes of the enclosed baain. 

(5) Lyttelton, New Zealand. FL Lm, Fig. 1. 

Very oonspioaom os(»Uation of this port with the nniiEniaUj 
long period of 165"" is probably dne to the Pegpisns Bay. 
Taking the node between Table Island and the end of Bank 
Peninsula, the calculated mean depth is about 3Uin. which seems 
allowable. On the other liaud, if we suppose the period due 
to the oscillation in the narrow inlet of Lyttelton. the calculated 
mean depth would only be 8 m. 

(6) Honolnln, Hawai. PI. Lm, Fig. 2. 

Taking 2=2.26 km. lor the nanow inlet and ^^27.7^ we 
obtain &=8.7m, which seems reasonable. Another conspicnoDs 
period is probably due to the binodal oscillation of the inlet. 

(7) San FmiK' isoo. PI. LI IT. Fig. 8. 

The conspicuous [xM-iods of tlic Krnkatoa waves obsen'ed 
in the bay were 24.0"', 3G.2'" and 48.(>'". These peiiods were 
frequently found in the same bay for other sea waves, and as 
we have already remarked, probably correspond to the mnlti- 
nodal seiches between the West Berkeley and Sansalito sides. 

(d) Sea wave of Sanriku, 1806. 

On June 15, 1890, a destructive sea wave originated in a 
distance of about 150 km. off the coast of Sanriku in Jajian. 
The wave was the most disastrous one in modern time; its 
height in Yoshihama even amounted to 24 m. It swept away 
many towns and village along the coast line of Sanriku, ex- 
tending to about 320 km. ; 22,000 lives were lost. 

At Miyako in Biknchiu, the earUiquake was felt at 7" 32" 
p.m. and the tide began to retire at about 7" 60*; it then in- 
creased and attained a maximum at alioiit 8\ Then it decreased 
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and again inoreased ; at 8^7", ihe Uurgest wave invaded Miyako, 
The BobeeqiieDt laiige waves loUed on the shore at the fbtUowing 
epoch: — 

8" IS", 8". 32'", 'SM8"', 8\59", 9" 10"". O'.SO"; 
the intervalH between two consecutive waves are 8"", 17"*, 16", 
11", 17"' and 84."* The period of the conspicuous undulation of tlic 
bay of Miyako commonly observ able in ordinary weather is 21"*, 
which is somewhat difl^rent from the period of the present sea 
wave. From the above intervals, it may be oonduded that the 
sea wave was probably composed of the period of aboat 16** 
and its octave. Witiioat the aid of a tide-gauge, it wonld often 
be dii]i(!iilt to observe every incident wave of 8™ out of waves 
80 composed. 

The i*ccord of tlie nearest tide-gauge was that of Ayukawa 
(PL Liy, Fig. 1) ; it shows a series of gigantic waves of the period 
8*, which oontinned over two days; dnriug the first twelve hoars, 
the rising and falling of the level followed each other most ener- 
getically. Oomparing the period of the wave with that observed 
at Miyako, it may be concluded that the period of the waves 
incident on the Ijay lujarly coincided with the |)eriod of its free 
oscillation. Examining the icctnd of the tide-gauge, wo observe, 
in the latter part of it, u beautiful series of beats wliich pro- 
bably shows that the period of the incident wave is slightly 
different from that of the free osciUatioh of the bay. 

The sea wave also slightiy aflbcted the tide-gauge of Abmia- 
tsnbo in Ifisaki (PI. LIV, Fig. 2), which is abont 600 km. distant 
from its origin. Its period of uiKiulation was 15" in a good 
coincidence witli that usnsilly obsen^ablo. The same wave also 
affected the ti'lo-L-^auge at Hakodate ; unfortunately, this iustru- 
xnent stopped at the very beginning of the sea wave, and b^gan 
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to work again after several faourB. The osoillatioii of Uie bay 
continaed over two days with its proper periods of 28.6* and 
46,6'"-67.6- (R, m. Eig. 2). 

In the above fonr cases, the wave was more or less aflfected 

by the proper oscillations of tlie bays. The tide-gauge at ChOshi 
in ShimOsa has howevor Ixcn sot ii]) in a mouth of the river 
Tone, BO tliat its record in the case of the sea wave is the 
most suitable for the investigation of the wave, inasmuch as 
the sea is not much affected by any proper osoiUatioii of 
endosed water. The record of the tide-gange at Banasaki, 
which is situated on a small mlet in the Padflc coast of 
Kemuro, the same advantage as that of Ohdshi. Thus, 

in the records of Ilanasaki and CliOshi (PI. L\', i'ig. 1-2), we 
observe, for the first one lionr,* a similar series of waves of the 
period of about This period was found superposed on the 
larger waves of some ten minntes. 

The sea wave also crossed the Faciflc and reached the 
western coast of America. It disturbed the tide-gauges of 
Honoluln and San Francisco (PL LV. Fig. 3-4). The period of 
the wave in Honolulu was 23.4,"- 26.0™ which is nearly the 
same as that of Krakatoa waves ; in the first |^i t of the i"©cord, 
we may however observe a wave of double period. The i-ecord 
of San Francisco was maikeil by irregidar zigzags; we can 
however trace waves of periods 24.3" and 6.2." 

In the followmg table, the result of the calculation for the 
velocity of sea waves through the I'adflo are given 



*) After the flnt faau. ti» tiie-emtfi at Bm— iki ■topped. 
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Station 




Mean Depth 




Time Intorval 


Yelodfcy 


Honohiln 


G^OOOkm. 


492 km. 


920^ 


7*44" 


316^ 


San Fmnoiaoo 


WO 


6.61 


234 


1<)^S4» 


909 



Thus tbe mean velocity of pnipi^lioii of the sea -wave ia 
somewhat groater than the velocitaes cf other waves. The 
mean value of between Sanrika and HonolQlii fiurly agrees 
with the observed, wliile the value between Sanrika and San 

Francisco is decidedly <:;reutcr. 

(e) Sea waves of South America, 11)00. 

The earthquake of Ecuador originated, in our time, at 
0''42" a.m.,' Fobraary 1, 1906, and was accompanied by a 
sea wave, which traversed across the Baoific from America to 
Japan. The wave was recorded by the tide-gaugea of Hakodate, 
Aynkawa, Eushimoto, Hbsoshima and Fbkahori (PI. LVI, Fig. 
1-4 ; R LVU, Fig. 1). The earthquake of Valparaiso, which 
was also followed by a sc^a wave, originated at 9*" 45" a.m., 
July 17 in the same yoai-. The wave arrived at Hakodate, 
Ayukawa, Aburatsubu ami Kushimoto (PI. LVII, i'ig. 2-3; PI. 
LYUI, Fig. 1-2). In the two waves, the periods observed in 
these bays were as foUows: — 



Btatkms 


Eodadar Wave 


Valpai-aiao Wave 


Ordinary Case 


Bakodata 


49.2"'-40.9"' 


53.0'"-48.0"» 


67.6--46,6- 




21.9" 


22.1-' 


24,6-^21.9- 


Aynkawa 


7.8"^-,20'' 


7.3-, 23- 


6,8--&9-,20.9--22,ff« 


Abnratenbo 




96.0» 


ia8--16.6^ 


XnaUniolo 


91,0**, 18.2- 


21.4% 123- 


21J-^98.7%11.6--18iy" 


BoBoshima 


90.4- 




17.8--20.3- 


Ffikwhnri 


10.4% 1&6- 




12" 
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Thus in thcfle bays the periods of the sea wayes are fhe 

same as those observed iu other sea waves and also in ordinary 
cases. Only one exception is found in the bay of Aburdtsnbo 
for Valparaiso wave tlie period of which is seveiul times greater 
than th(' period of free oscillation of the bay. 

Tho following tables oontain the lesalts of calcalatioa for 
the Tdodty of tiie sea waves through the Pacific. 



Ecuador Wave. 



Stotian 


Distance 


Mem Depth 




Time Tnterral 


Velocity 


Hakodate 




4.92 km. 


220^ 


20" 10'" 


195^ 


Ayukawa 


>i 






20" 12" 


200 


Kuahimoto 


15,280 


481 


217 


20" 44" 


208 


Hososhima 


16,610 


9$ 


99 


20" 38'" 


211 


Fukiiliori 


Ki.OSO 


ti 


)> 


21'' r>'" 




■ 

Valparaieo Wave. 


Staiicn 


Diatauioe 


Mean J>eptt» 




limelntenrftl 


Velodty 


Hkkodftts 


17,060km. 


4.66 km. 




23»48" 


aoo^ 


Aynkami 




n 


n 


a8'i7" 


204 


AboTfttBobo 




t* 


n 


22" 2- 


917 




17,600 


4.56 


m 




206 



From the above tables, it is easily seoa that notwithstand- 
ing the oonaid^ble distance travelled by these sea waves, the 

velocities in tlie two cases fairly coincide with eacli other. In 
compaiiii^ velocities of the same wave at diffrrent stations, it 
will be observcHl that tlie velocity slightly increase with dis- 
tance, though the mean depth of the ocean renuuns nearly 
constant or rather decreases slightly. Tho eiuseptionaUy large 
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vdlodiy in the cage of AboratBubo, when sea wave had a eon* 
Biderable long period, is probably dnc to the efl^t of the wave 

length, on the velocity. The increase of velocity with distance 
is also noticed in the case of tho sea waves accompanied by the 
f Krakaioa eruption. This seems to indicate that tlie earthquake 

may excite short waves almost simnltaneously with shocks, bat 
it takes some time to exoite long waves of a permanent type 
of a oonsiderable period. 

In the sea waves above referred to, the observed velodties 
nearly coincide with the vahies of i^'gh, except for Hakodate 
and Ayukawii, iii which tlie difTerenco is considerable. 

The sea waves also slightly afleet<Ml the tide-gauge* at San 
Francisco, San Diego and Honolulu (PI. LVIII, Fig. 3-4 ; PI. 
LIX. Fig. 1-3). The times of arrival of the waves in the 
standard times of these stations and the periods of the waves 
are given in the following table : — 





Eendor Waves 


Talpuaiflo Waves 


Stations 




Periods 




Periods 








7^34* ».tn. 


96.3» 






16.7-, 83.6- 




3a.9P', 43" 


Homoliilit 


ff'SS" p.in. 




7^52" a.in. 


26.2" 



Thns, if we compare the periods of several sea waves observed 
at these American bays, it may also be oonclnded that Hhe 
periods of the diflbreot sea waves observed at each hay are 
proper to the bay. Hbnolnla afibrds the best example ; a sunple 
wave of the period varying from 23" to 28" has always been 
found for sta waves originated near the Pacific coast of America 

*) Hw tidfr^nge moocds otiUMd u« tboaa tanUMA by Dr. nttnwiuk 
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or of Japan. As we havo seen, this period nearly ooinoides 
with that of thiD proper ftrndamental oBdUation of the inlet 
leading to Honolnla. 

(/) Sea waves accompanying cyclonic storms. 

Hitherto we have exclusively considered the seu waves 4 
oaased by the earthquake or the submarine eruption. 
There are, however, other clasBeB of sea waves aooom* 
panying a oyolonio storm. These latter may be sdbdivided 
into three kinds, that is, short and long waves and abnormal 
rise of sea lerel. 

The violent short -waves, the tfeldrS as they are commonly 
culled, have usually p(M'iods5 of a few minutes, ini(i are super- 
posed by waves o£ still shorter periods with considerable 
amplitudes. On the Paoific coast they cause, year after 
year, great damages in antnmn, and on the Japan Sea ooast^ 
in winter. The waves are always assoeiated with strong 
gales; as they approaoh a shallow shore, they increase in 
amplitudes, and break on the shore one after another, leaving 
damage behind them. They have probably the same origin 
as the ordinary wind wav^* always observable on the sur^uio 
of the sea. 

Examining the records of the tide-gaoges, it will be observed 
that there are many oases, in which general sea»level is ab- 
normally raised for many hours, associated with a center of 
low pressnre existing near by. For example, the record of the 

tide-gauge in Abnratsnbo (Ft LX, Fig. 1), September 28, 190iS. 
shows a remarkable upheaval of level in 7''-10'' a.m. during low 
water, the maximum height above the ordinary level IxMiig about 
20 cm. On examin ing th e weather chail on the same day (PL 
•) WliMlar, TidM and W«TMb Gb. X, Wind imvM. 
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XCIV), it was found that a remarkable cyclonic center drew 
across the district from the Pacific to the Japan Sea during 
these hoars. This general upheaval is also accompanied by the 
secondary undulation proper to the bay. To take another 

example, the mareogram in Takow, Formosa (PI, TiX, Fi*j. 2). 
Juno 27, 1004, shows ;ni ;ilinormal rise of .stni K vul ; <at 4'' a.m., 
the sea began to l isc ra|iiilly, attiiinod a lieiglit of about On cm. 
above the ordinary level utter half an hour and then gradually 
returned to its oixlinary level. The weather cbiart (PL XOIV) ' 
shows a persistent center of low pressure on tho south of 
Formosa during preceding days accompanied by lasting eastern 
gale in that district, which seems to have attained its height 
on the morning of 27th. This abnormal rise of the level is 
probably due to tho stron<; sralo. 

There are further nuiikt'<] sea waves of the same kind, 
wliicli are lio\v(?ver nob recorded on the tide-gauges. On Au»^uat 
11, 1889, a deop cyclonic center rapidly approached from Kii 
sea to the Bay of Mikawa and reached that district with a 
high veloctly. When the center was passing over tho bay, 
strong gales upheaved the sea level by a few meters for an 
interml of abont 1 hour. The short waves, superposed on this 
abnormal rise of the level, broke on the coast, leaviiiu great 
catastrophes behind thoni. On August 28, 11)02, a cyclonic 
center was threatening the southern coast of Tdkaid6« At the 
same time, another center of low pressure, appearing in the 
vicinity of tho Benin Island, drew towards the Bay of 
Sagami and crossed over the central part of Honshiu. When 
the center arrived at tho coast, strong gales heaped up the 
water and flooded the shore of Odawara and its vicinity. 
Associated with the upheaval of the level, tho short waves 
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roUiDg into <«he Bhoro caused great damage to the town.* 
There are a few examples, in which abnormal rise of sea 
level oociined, when neither a cyclone nor an earthquake was 
recorded. For example, on Sbirch 4, 1901» the mareogram at 

Hososhimn (Tl. TiX, ! Ili. 3) shows an iiplicaval of about 20 cm. 
dm in- 7'' -10" a.m. Tn llic weather chart on tlii.s day (PI. XCIV- 
XCV), no eycluiu- is inWicMtod, though a low prossnro Bccriis to 
have prevailod over the I'acillc and piles are recorded in several 
* other stafcionii in sonthem Japan. On this occasion, the second* 
aiy ondnJation was mnisnally faint. 

As for the remaining kind of sea waves^f namely long 
waves with considerable amplitude accompanying cyclonic storms, 
we have many remnrkablo c.xaniple.s, some of which wo shall 
describe. On tin' im»rniii<; of September 28, 1900. a center 
of intense cyclumc disturbance passed over (Ik- southeiu coast 
of Kii flM. XCV). Tho tide-gaoge record at Kushimoto (PI. 
LXl. Fig. 1), the southernmost promontory of Kii, shows a rise 
of general level amonnting to about 40 cm. from S"* to 6^ a.m., 
upon which very remarkable long wave with a maximum am* 
pUtnde of 80 cm. were superposed. The period of the most 
conspicuous wave is about 10™. It is a remarkable fact tliat 
on this occjision, the lon^ wave with ( (Uisiderablo amplitude 
lasted only for 3 or 4 hours, durin}| which the general level 
was upheaved ; they soon subsided into ordinary small waves 
with the rapidly disappearing cyclonic center. A similar case 
occurred on August 28, 1899, though without considerable up- 
heaval of the general leveL To take another example, on the 

*) Ifftnf exRinplM of (tm npbittiftl tt turn bvd oImttcA in Emopo aad AiBeriok will 

be found in WLecler'a " Tid » anil waves," Chapter YIII. 
f) \Vlie«Irr. " Tides and wnyes," Clu»pt«r XJ. p. 137-lM. 



Digitized by Google 



SBOONBABZ UNDULATIONS OF OOBANIC XIDB3L 



99 



afiiemoon of September 28, 1902, a remarkable oyolonic center 
crossed oror the northern part of Honshiu (PL XCIY) and the 
tide-<^augc at Ayukawa showed remarkable secondary nndolation 

■with the period of about 7"' (PI. LX[, V\'^. 3), which lasted for 
inure than 12 hours. The lunximum amplitude recorded was 
about 1 m., nearly at the time of arrival of the cyclonic center. 
It is to be remarked that in these examples the periods of long 
waves with remarkable amplitudes are nearly equal to those 
peenliar to the bajs. 

In the above examples, the beginning of the remarkable 
midnlfltaon is well defined and its connection with the presence 
of cyclonic center is wry clear. On the otlier hand, there are 
examples in which remarkable secondary undnlations lasted for 
a very long time during cyclones j)aa8ing along our land, the 
beginning being not qoite marked. Generally speaking, the 
dniation of large secondary undnlations seems to depend on the 
width as well as the velocity of the cydonic area. 

There are also cases, in which a remarkable undulation 
appeared, when neither a (cyclone nor an cartlupiake was 
rcpoiied. As we liavc alicidy rcuiaiked, the niarcoLirams of 
Nagasaki alFord many good «"xamples of this sort of uiuiulation. 
To take another example, the Kushimoto marcorgium {VI. LXII, 
Fig. 1) on Febmary 8, 1904, is marked with a considerable 
undulation with the periods of IS"*! 20'"-26'*, etc., which lasted 
from the morning till the next day, the greatest amplitude being 
nearly 60 cm. The weather chart indicates no cyclone and no 
wind in the neighbourhood of the district, but low pressures 
i*eigned over the northern piirt of lb.ikl<aid6 nnd nl<o over the 
Pacific in the soutli of llonshiu (1*1. XGV), wliiie lii.uli pressure 
prevailed over the continent. The remarkable undoktion seems 
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to be associatod with unstable dibtribution of pressure, in which 
case a sodden local change of prossnze may be possible. 

It is to be remarked that at a station* the period of the 
most prominent nndolations acoompauv iu.^' a cyclonic storm are 

sometinios differoiit for difTercnt cases. Tlius, iu Kiishimoto, the 
most prominent uiuhiiai ions of the sou wave of 1h'1>iu:iiv 8, 
1904, were oi 2r"-24"', while the period recorded at the time of 
eycioxie on September '28. 1900, was about 10™. Again, during 
the cyclone on November 17, 1900. the Ayukawa tide-gauge 
(PL IiXn» Fig. 2) showed a remarkable undulation with the 
period of 22", superposed by waves of shorter period peculiar 
to the bay, while in the cyclone of Beptember 28, 1902, the 
proper period of the buy are most pioiiouneed. 

Thus far, wo liave conliued our desci ijitiuu oii the records 
obtained on the Pacific coast. Now, the records of tide-gauges 
situated on the coast of Japan Sea sliow somowhat different 
aspects, when compared with those of the Pacific coast. The 
former is generally characterhred by extremely small tides 
usually superposed by conspicuous secondary undulations (PL 
LXn, Fig. 3 ; PI. I.XIII, Fig. 1-4), whether the station bo on 
the opi ii ('(uist or in a bay. During a cyclonic storm, the 
amplitude of heeondary waves is genenilly increased and the 
unduktion lasts for a considerable time. Comparing the records 
for different stations widely apart from each other, the remark- 
able fiict is generally found that periods of conspicuous waves 
for different stations and for different occasions are nearly 
similar. It is not seldom that a series of waves recorded at 
oAo station on one occasion is quite a facsimile of that obtained 
in another stali(.;ii on anulliur occasion. Taking the wave with 
the period of 20"', which in very prevalent, its wave length 
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coRespondlng to tho mean depth of the sea, is oalculatcd to be 
about 160 km., which is not very small, if compared with tho 
dimensions of Japan Sea. The distance firom Korea Strait to tho 

northern ond of HokkuidO is only ten times this wave longtli. 
Hence if n trnin of waves be generated in or propttgated into 
any part of thit» confmed basin, it may bo propagated inipai tially 
along the entire coast without considerable dissipation and affuct 
all Uie tide*gaugos on the coast Such a train of waves may 
also undergo repeated reflections and refi-actions. before it is 
quite dissipated away, and cause the Tsriety of records for 
different statioiiH. 

The similaiity of the jK'riods ol waves accoinpaii\in<; 
cyclonie storms may, in some measure, l>e obsened on tlie 
PaciQe coast akso. Besides, at diilerent stations, though char- 
acterized by the undulations peculiar to their own, tho mare* 
Ograms present not unfrequently a common feature with respect 
to the periods of exciting waves; a fact which suggests the 
similarity of waves generated by and propagated from cyclonic 
regions. Another interesting fact is that tho wave length of 
the most prevalent cyclonic \vav<,'S is generally cuinpaialik^ witli 
the dimensions uf the area ol the cyclonic depression. Thougii 
we are not yet enabled to solve the pi*(>b]t'in on the exact basis 
of hydrodynamics, it results from all probabiUties that a baro- 
metric fluctuation at a cyclonic center, acting in an impulsive 
manner, may give rise to a train of long waves propagated 
from thence, and that their wave lengths are comparable with 
the variations at tlie center. N, Deiiison lias sought to attribute 
the secondary midulaliou to Helmholt/Zs " Luftwogen," but the 
periodic variation of burfaco prcssuic is not tho only mcaus of 
producing a train of waves. A single impulse often suffices to 
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generate a long train of regular waves. 

Before concluding this section* a brief chronological sketch* 
of remarkablo sea waves in Japan, recorded in connection with 
eartliqiiakes, will be given below : — 

I. Not. 684 A.D. A vart «ie» of knd in tliB of 
Tott WW lost iiiid«r the aea ; sea waves nsnlted. 

3. Nov. 37, 850. Sea waves cm Japan Sea coast of norfeheni Japan. 

3. July 13, 869. €beat wavea on the ooast of Sauriko. 

4. Ang. 2(>, 387. Sea waves on the ooast of Settsn and neiglf 
booring provmoee. 

5. May 22, 1240. Sea waves on the ooast of Kamakoza in the 
province of Hagaiui. 

fi. Aiig. 3, 1361. 8eu waves ou the uoabt of Setteu uud Awa ; 
great loss of life and property*. It is recordetl that on the l oast of fatten, 
the sen lias receded for about ;iu lionr Ijefore the coiiiin;^ in of tlie wave 
cres^ and ulsu tlia.t tiie uurruw htrait of X:nnto Mas dr.iiued dry. 

7. Jan. 21, 1408. Sea wnve recorded, but duubtfuL 

8. Sept. 20, 1498. wavers ou the coasts of lui, Lx^ Mikawo* 
Surugu, Izti, Sagaiui ; great loss of life. 

9. Sept, 21, 1510. S< a Muves on tho coafit of Settsu, 

10. Oct. 10, 1510. Sea waves on tiio coast ol Totomi (ilurUiquako 
not recorded). 

II. July 25, 15(>2. Sea waves on the coast ol YutsasliirQ^ Migpi 
three waves coimt^'d : (tin recoixled of oartlKiuake). 

12. Jan. 18, 158G. Great sea waves on the ooast o£ oentcal part 
of Honshiu. 

13. Sept. 1, 1596. Sea waves on the coast of Jiimgo; tlu-ee waves 
oonuted ; a few square miles of land fell beneath the sea level. 

11. Jim. 31, 1605. S«^,i waves ou the coast of Satsuraa, Toea, Kii, 
Ise, Idtduu, Izn, Sagami, Awa» Kagnaa» Shim^M, Haohi|6-jinia. Dzain- 



*) 'The Lbi« f innt«rial wfte tafcui from th« Beport of the Eartliqiuite IiiT«Mig»1ioii 

Committee, Ko. 46. 
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lug of tlio saft beloia tlie aztiTal of high watar is moanled on the ooart 
of Ams Eammt SWinftsa» Tdtdml, Ise ; in ibe hwl pioviiaoe the eea had 
leoaded for about two hfiovs beli»e flaa aniTal of the wato crest CSoiiat» 
of Seto<]]Aikai and the Bay of Oaaka vara safe. 

16. Deo. % 1611. Sea waves on Uie coast of Sanrihn and Hbkl»ld6. 

16. No?. S6, 1614. Sea wayes on the ooaat of Eohigo. 

17. Mavcb 1, 1633. Sea waves on the ooast of Atami in Ixa, 

18. Ooi 30, 1663. Sea wayes on Uie eoast of Binga and dsnml; 
sevexal aqnara miles of land lost under sea. 

19. April 13, 1677. Sea waves on the eoathsm ooast of Biknoliin ; 
at nKjaho^ fkrea huge waves ooonted in the interval oa. 10^ p.m.-S^ a.m. 

SO. Deo.' 30, 1703. Sea waves on the ooast of Sagami, Awa, and 
Kasmaa; loar waves oonnted. 

31. Oot 3^ 1707. Bemarkahle great sea waves devastated the 
"Paei&a ooasis of Kfosliiu, Shikokn, and also of Bonshin np to Im Co flie 
north. In Susaki, Tosa, eleven or twelve waves weie counted in the 
interval about 3'' p.ni.-4" n.m. ; at Kdohi, the wave readied so fiur into 
the laud ns several km,; at the same district, the third wave was the 
highest Caasfa of tin; Bay of -Osaka - were also damaged by waves. 

22. Aug. 29, 17(59. Sea wave in Satsuma. 

23. Feb. 10, 1792. Sea whvc at Sluiuivbara in Hizen, accompany- 
ing the eniptiou of Mt. Unsen* ; it is reeoiiled thftt the higl? tide 
occiirred seven or eight times a Uay. Oii tliis occisum a poitioii of tlie 
raoniitiiin was split iip and foil into the so i fonnin;; a nnmlier of small 
isles. Inundated area, however, was coatined to tiie coast of the Sea of 
Taakushi. 

24. June 29, 1701(. Sea ^\avo at Mi3'akoshinia, Kaf?a. 

2f>. Jnly 10, 1804. Soa w^avos at lueakata; a portion of the soa 
upheaved into land. 

26. Dec. 12, 1S33. Soa wave in Sado: draining of the sea was 
observed before the arrival of the high water. 

*) F. Omori. Notn'OQ the eniptbn of tbe Un4Mli«dlkU In tlM 4th JtM of KuimI (1798) 
PWe. TSkjA, UiUli.-Fb7a. Soo. 4, p. 33, 1907. 
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27. Feb. 9, Sea wave on tba ooaat of Isliikari ; tluree wares 

ootiiited. 

28. ims. Sea irare at Hanaaaln. 

29. April 25» 184B. Soa warafi on thd coasts of Odunus KoahiiD 
and NemniD; tvo large waTea eonnted in & a.m.^lO'' a.ni. 

30. Bee. 23 and 24, 1854 (Ansei). Nofeofiooa sea wares on ihe 
Paeiio coaetb 

31. Aug. 23, 1866. Sea wares occurred on tihe coast of Oshima 
and Ibnri in Hokkaiddii 

3St Jane 4, 1893. Bsa wares in Knrile Idands (CShiahima) ; at 
Shibetori periods of 6 wares esttmated wen 20"-30^. 

33. Mueh 22, 1894. Sea wares on tiis ooasfe of Nemmo; pevlods 
of move than ten wares weve estimated to hare been 20*^30**. 

34. Jnno 16, 189B. Gxeat sea wares on the entire coast of Sanxikn. 
86. Aug. St 1897. Sea wares on the coasts of fianrikn. 

§ 9. OSCILLATION OF LARGE BAYS AND 
ANOMALY OF TIDES. 

TIras far, wo havo generally iroatcd of secondary nndula- 

tioiis. ilic p(>ri()(ls of wliich are much shorter than those of the 
principal ttilal components, viz, tlie diurnal and somidiunuil. Wo 
will iK'w proceed to consider those nndulations o£ much longer 
periods, which commonly exist in the tides near the end of 
long inlets or estnaries. 

Exaggeration of oceanic tides which takes places in shallow 
seas and in estnaries, has often been explained merely by the 
law of amplitude given by Green.* Airyf attempted to explain 
uiioutalies of tide observed in 8ome rivers by tlic ( (uisidiuation 
tliat for a wave of (iuite amplitude difibrout parts of the wave 

*) Green, Camb. Trans. 6. is:t7 : Math. TkpaiB, Jk SIS, 
t) Aiqr, Tide and mivea. Art. im 
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profile travel with different Telooities ; bat his argument has 
been proved nnsastainable * Again, inferior tidal components, 
known as compound tides oi' overtide^, wliieli becomo conspicuous 
only in shallow basins, have been explained by the analo<i:y of 
% combination tones in acoustios.f It seems to us, howovor, 

the theory alone is not suliicieiit to accoant for the facts that 
in some gal& or bays the amplitudes of superior tides are often 
comparable with those of the proper tidal components and also 
that most pronoonoed compound tides are different for diflferent 
bays or gulfs. FerrclJ attempted to explain some irregularities 
of oceanic tides by considering oceans as making stationary 
oscillation as in the case of seiches in lake. Recently II. A. 
Harris,** according to a similar view, constructed a cotidal 
chart of the world* In his theory, water on the globe is divided 
into several distioot portions, each of which has the proper period 
of its own stationary oscillation* This point have been sol^jected 
to mitioism by O. H. Darwin. He applied his theory also to 
the explanation of tidal phenomena in many bays and straits, 
the standin;:: oscillfttiong of which are forced by tidal waves 
incident on their mouths. lie considered, however, exclusively 
the forced oscillation with diurnal and the somidiomal periods, 
and has not considered those oscillations pecoliar to each bay. 

Now acoarding to bur view, any bay or gulf, either small 
or large, may be considered as a resonator which oscillates 
with its own period, if it be excited by waves in the external 
sea having' the synchronizing coinponent. If the j)n)i)er j)eriod 
of the bay happens to coincide nearly with one of the tidal 

*) McCowen. Phil. Mng. (5). 35, 1892. 

*) W. TJiom.son, Vrx\ Koy. ftx-. 7. G. IT. D.irwio. lirit. Aas. Rep. 188. 
i) Frrrel, Tidal H«8earcbea, Rep. Cmai and Ueodetio Sorrey. Wftshingtoo, 1871. 

8. A. Vtanii. Wbimd Of TUte 
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oompoimifl, thai oomiKment wiU beoome more or less prominent, 
aoooiding to the degree of proximify of the proper and the 
enating period. Again, it is possible that astronomical com-> 

pononts of superior orders, compound tides resulting from 
the combination of several astronomicnl components or many 
indefilaite oomp<ments arising from meteorological causes, may 
aometimes beoome prominent by the resonance of bay water, 
though almost insensibly small in open sea. Koreorer, the ease 
may ooenr, in which a solitary wave of wide extent oansed hy 
some distoifoanoes either meteorological or gooteotonic, excites 
the osdllation of a long period proper to a bay. These oseiUations 
in a bay will more or loss deform the tidal curve and cause an 
anomaly of tides peculiar to that bay. According to this view, 
the proper periods as given by om' formula were calculated for 
different bays or gnlfs, which are notorious for abnonnal range 
of tide, and also those for which some remarkable irrsgolarities 
of tide was observed in the mareograms given in the Report of 
the KrakatOA emption often cited. 

The resolts of calculations, together with their bearings 
upon the tidal irregularities for a number of bays, will be given 
below. 

(a) Bay of Fimdy, Canada. Near the end of this bay, 
spring tides range 15 m., while near its entrance the rise is only 
2.5 m. to 3.5 m. For the calcolation, the month line was taken 
from Gape Ood to Gape Sable ; and the end of the Bay was taken 
at Port Greville. Then l=:460km., ^==141 m.; hence T=1^,0\ 
If the TTiouth line be taken between Yarmouth and Machias, the 
calculated period is 11.6". In any case, the proper period of tliis 
bay would be very near 12 hours. The abnormal high tide may 
then partly be explained by the Goincidence of the proper period 
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with QDfi of the semidiiimal tid€fl, though the tidal phase is 
slightiy retarded toward the end of &o Bay and therefore the phe* 
nomenon can not be wholly attributed to the standing oscillation. 

(6) lia> of Benjral. Near the mouth of this ])ay, the tidal 
range is small, beiug less tluui half a moter at the southern 
coast of Ceylon, while in the bay, the range is 1-2.7 m., in- 
(areasiDg abruptly near the end of the Bay. Since the tidal 
phase is nearly the same for tbe great part of the bay, principal 
part of the tide in the Bay is probably dne to the standing oscO- 
lation of it. Taking the month line from the eastern coast 
of Ceylon to the northern end of Snmalra, and the end of the 
Bay at Akval) iii Burma, wo obtain /=:1500l ni. aiul //=l!J50m., 
which gives i'=12.0^, coinciding with the period of semidiurnal 
solar tide. 

(c) Madura Strait, Java. Mareograms of Ujong Soorabaya 
and Earaiig Eleta reproduced in the Krakatoa Beport of the 
British Association show very marked irregolariiles of tide in 
the narrow strait of Sonrabaya, which connects ihe end of wide 

Strait of Madura with the Java Sea. Since the width of tlie 
Strait of Sourahaya is extremely gmall in coiinjarisdn with that 
of the Madura Strait, we may consider the latter strait as a 
reotangnlar bay, having its end inside the former strait. The 
elfect of narrow opening at the end of a bay is only to slightly 
reduce the effective length of the bay, or in other words to 
shorten the period of oscillation by a small amoont. The length 
of the Madura Strait, considered as a bay is about 160 km. 
As for the meuu deptli of the hasiu, uo chart of u suiUcient 
scale is at hand, so tlmt we may only roughly estimate it from 
the data collected fiom different maps'*' available. In any case, 
*) ^'Miiy^ffp H fF Prttimtfftt, Pwglmwi' P»TWttri. AtHw, iHiC ' 
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however, the mean depth can not diflbr much fi*oiii 30 m. The 
period calculated ttom these data ia In order to see, if 

any long wave oonesponding to this result of calciUatioa exists 
actually in record, the mareogram of Kaiang Kleta was analysed 
by means of the tide-rectlfier. Eliminating the great parts of 
diurnal and seroidinmal components, the remaining curve reveals 
to us an csidiiiit trace of wavess with tho mean period of 8.0'' 
(PL LXIV, Fig. 1). 

The exciting cause of this wave is probably the compound 
tide usually denoted by MK, the period of which is about 8.2", 
nearly coinciding with the proper period of the Madura Strait 

(d) Fort Adelaide, Australia. A mareogram (FI. LU, Fig. 
S) of this Port given in the Krakatoa Report shows remarkable 
change of diurnal inequality on successive days. On eliminating 
the principal parts of (limnal tides, the resulting curve shows 
apparent beats of semidiurnal tides (PI. liXlV, Fig 2). The 
period of the characteristic component which forms beats with 
the usual semidiurnal tides, is about 10.9\ as estimated from 
the rectified curve. It is probably to be attributed to the 
standing oscillation of Uie St. Vincent Gulf. TaJdng the mouth 
lino from Trowbridge Point to Capo Jevis, and the end of the 
Gulf at Wakelicld, we have /=140km. The cistinmteil mean 
depth is 21.5 m. licncu i'=lu.b% which coincides very well 
with the obsen-od period. 

(e) Port Philhp, Australia. Mareogram (PL LU, Jblg. 4) 
of Williamstown giv^ in the above quoted Report, shows some 
irregularities of tide which suggests the eodsience of very long 
undulation peculiar to the bay. The curve was rectified (PL 
TiXlV, Fig. 3) and a period of 8.3", was detected. Now the 
period of sciclies in iliis nearly enclosed basin can by no means 
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become bo kog as 8\ iinJess the mean depth oi thv Fort be 
less than one meter. This period is probably duo to the mi' 
dolation ot the whole basiii with its narrow neck communicating 
with open sea. For the calculation of the period oorresponding 
to this mode, the neoessaiy data were estimated firom the chart 
given in Harris* Report: -8^=13.7 ?« 10" m'., /=2.95km., 6=4.08 
km., /?=18.4 m. and /~200km. The period calculated from 
these data is S.SD** which almost coincides with the observed 
period. 

Beside the above enumerated cicamples, there are many 
bays or straits, the forms of which seem favoniable for their 
own standing osdUation of long periods, and in which the 
ranges of tides are comparativdy large. The periods of these 

oscillaUons were estimated as follows: — 



Bay or Strait. 


Tin Bonis 


Adrialio Sea. 


15 


Mozambique Cliannol. 


7 


Bristol iia}-, Alaska. 


15 and 28 


Hfioate Stxait, Britiah Colombia. 


7 


Hndaoit Stratf^ Canada. 


11 


B^jgtal Ghaimel, England. 


5 


Gulf of St. Malo, France. 


7 



In conclusion, we wish to esqpress our best thanks to Prof. 
H. Nagaoka under whoso snparvision the entire work has been 
carried out and who gave us much useful instmotion throughout 
the course of our investigations. Equal thanks are duo to Prof. 
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F. Omori who favoured us with valuable instmction and with 
the r€XX)rds of numerous earthquake Hca wavee. We also wish 
to express our thaniu to Assist Frof. A. Imamiiza. and to Mr. 
M. Sogiyama of the Hilitaiy Staff, who kindly placed valaable 
xnaiepgrams at our diaposaL Lastly, our cordial tbaiika are 
doe to Messrs. S. Iwamoto, N. Watanabe, T. Hirata, T. Inoaye 
and T. IFVilcnda who have been sealona oooperators in the oonrse 
of our observations. 
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Abttr&tstibo 






Hnmniuika 


AdAshika 




frii 


EQii^aaki 


Akasliiaeto 






Hpfia 


Akkeslii 






Heida 


Amai 




M# 


Heshinm 


Aodaabi 






Hiiicnua. 


AoBcni 




iM 


Hiroeluina 


JUIbKB 




mm 




Atemi 






Hoflonta 


Am (ToB») 










B 


m\ 


Ibusnki 
Ikeda 


Bisanseto 
BokUriso 




mmm^ 


Imazu 

ljnilx>ye 

iHegaluiina 


CbtOd 


C 

D 
E 




Isenonmi 

Iwosaki 

Iwaja 


Etelimjimft 









Fnkahori 
Fushiki 
Fntami (S>ido) 



Fatami (Og^worajiua) ZlM^ 

Q 



Kagoehima 
EajiU 



H 



ma 

MA 

iMai 



^1^ 



J 

K 



Mil 



Kamenra 
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Kamiiflo 

Knnfgftf'flii 
Kuiktan 

Kaisuum 
Kalni^ 
Kiiilapp 
Kiahiwada 

Koisliiluiiiui 
Kojiroluima 

Kokal)*) 

Konpiku 

Kukiura 

Kuro 

linshimoto 



»m 

mm 
mm 

-P < 



Mezttrfcoufa 


M 




p 

Piisan 


HOI 


Mikaira wan 






R 




MUi 






Bj^tahi 


Hi? 


Mijako 






BjAri 




MSjara 






8 

Sagami ' 
Hiiknrajlna 




MoKMiati 


N 


m 


ma, 






Same 


m 


Nagoaaki 






Sasnna 




KBiahobama 






Sencai 


f^m 


Naoetaa 






Siiido 


m» 


Namto 






SMmizn (Surqga) 




NemniQ 






Sbimizn (Tbn) 





Niigata 
NUjania 
Noml 
Hooomaa 



Odsuclii 

Ofunato 

0}?ewra 

Oiahi 

Okirai 

Oknelii 

Omaecaki 

dminato 

Onahantin 

Osaka 

6tam 

Otara 



STliJ 

mm 
mnm 
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Shimodft 

Siiii 

Shiaiiomia^lri 
Stuojasiimi 
ShiniwA 
Shuihutti 

Shitama 
Shizuunv 

Stiuii^o/jilci 
Stini'r.i wiiu 
Susa-kt 



Tacliiiuacluzaki 
TaRo 

THkoiioiua 

Takow 

Tei 

Tate jama 

Toba 

Tokyo 

Tomikinva 

TonoQia 



U 



Infill 



mm 



mi 



Ucliiuoami 
Ujina 

Umegaliania 
Uwajtow 



Yrtuutsnkibana 

iawataliaiaa 

Yebisii 

Yebisujima 

Y'odajima 

Yonnzu 

Yotaii 

Ynra 

Yuaseto 



Wrtjima 

Wasliiuosu 

Weihaiwei 



w 



Att« 



rim 

mat 

mi 
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